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Most research in the Lake Simcoe watershed (LSW) has focused on how the lake 
has responded to changes in nutrients sourced by agriculture, particularly after mitigation 
measures have been put in place to remedy the lake’s water quality. Nutrient sources 
from urban areas are not well understood, yet 31% of phosphorus originates from urban 
tributaries, despite urban land-use accounting for only 12% of total watershed area. Since 
many urban areas are seeing drastic human population growth and intensification, the 
impact urban derived stressors have on water quality and biotic communities requires 
further investigation. The research presented here explored the links between land-use, 
periphyton nutrient content and biomass, and invertebrate response in lotic surface waters 
in the LSW. To infer the contribution of cosmetic fertilizer use in the LSW, a community 
survey was conducted to assess lawn care and fertilizer choices by residents. Overall, the 
survey results confirmed that cosmetic fertilizer application posed a significant issue in 
the LSW. The effects of land-use, season, and abiotic parameters on periphyton biomass, 
nutrient content, invertebrate abundance and biotic composition were investigated using 
artificial and natural substrates at 14 field sites that represent a gradient from reference to 
agriculture to urban land-uses. Two consecutive years of sampling found that water 
quality, particularly nitrate and chloride, from urban land-uses was the same or worse as 
compared to reference and agriculture land-uses. There was not an increase in periphyton 
biomass nor change in indicator taxa at urban sites, potentially due to light availability 
and/or chloride. There was a periphyton nutrient content response between land-uses, 
however, potential drivers varied. Exploring relationships between established periphyton 




with abiotic and biotic predictors, however these varied with season and land-use. The 
results did highlight that periphyton studies require investigation throughout the complete 
ice-free year in temperate climates because single season sampling may yield incorrect or 
incomplete conclusions. 
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Table 2.1. Binary logistic regression results showing relevant cognitive and socioeconomic 
variables on the likelihood that respondents regularly fertilized their lawns (N = 112). The 
omitted variables are shown with a ‘-‘. The odds ratio and associated standard error (S.E.) are 
shown. In the event there were multiple levels of predictor variables, if all were not significant, 
the first level odds ratio and S.E. are shown, or if one or more levels were significant, those are 
shown. The constant for the model is shown, as is the pseudo R2, presented as Nagelkerke R2, 
and the overall percent of correctly predicted. Note: * = significant at 90% confidence interval, 


















Table 3.2. Multiple linear regression results for 2016 data highlighting significant and/or strong 
models and significant individual predictors. Variables were log(x+1) transformed to meet the 
assumptions of normality and homoscedasticity. Predictor variables included Dissolved Oxygen 
(DO), pH, Turbidity (Turb), Chloride (Cl), Temperature (Temp), Total Phosphorus (TP), Total 
Nitrogen (TN), Canopy Cover (Can), Discharge (Dis) and were used to assess the response 
variables of periphyton biomass indicators (Chlorophyll a, Dry Weight, Ash Free Dry Weight) 
and calculated biomass for group level identification (Euglenophyta, Diatoms, Cyanobacteria, 
Nanoflagellates, Charophyta (Desmids), Chlorophyta). Highly correlated and significant (r ≥ 





















Table 4.1. Comparison of mean, median (Med) and range for Total Biomass (mg/cm2), 
Chlorophyll a (Chla; µg/cm2), dry weight (DW; mg/cm2) and ash free dry weight (AFDW; 
mg/cm2) with respect to each land-use and season category. Total biomass was calculated from 






Table 4.2. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, 
total phosphorus, total dissolved phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, 
discharge, chloride, dissolved oxygen, temperature, pH, canopy cover) and periphyton quantity 
variables (chlorophyll a, DW, AFDW, total biomass, group level identification biomass) by land-
use. The relationship between the predictor variable on the response variable is provided along 
with the Pearson r value. Variables were log(x + 1) transformed prior to analyses. Note: TKN = 
total kjeldahl nitrogen, TDP = total dissolved phosphorus, DW = dry weight, AFDW = ash free 






























Table 4.3. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, 
total phosphorus, total dissolved phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, 
discharge, chloride, dissolved oxygen, temperature, pH, canopy cover) and periphyton quantity 
variables (chlorophyll a, DW, AFDW, total biomass, group level identification biomass) by 
season. The relationship between the predictor variable on the response variable is provided 
along with the Pearson r value. Predictor and response variables were log(x + 1) transformed 
prior to analyses. Note: TKN = total kjeldahl nitrogen, TDP = total dissolved phosphorus, DW = 
dry weight, AFDW = ash free dry weight, Total biomass = calculated from biovolume as 











Table 4.4. Table showing the three seasons (Spring, Summer, Fall) and the strong and significant 
Pearson correlation relationships (p < 0.05) between nutrient (phosphorus and nitrogen), 
discharge and light availability (canopy cover and turbidity) and periphyton biomass indicators 
(chlorophyll a, dry weight and ash free dry weight) and Total biomass (calculated from 
biovolume as determined by periphyton group identification). All values were log(x+1) 









Table 4.5. Significant multiple linear regression models for 2017. Variables were log(x+1) 
transformed to meet parametric assumptions. Predictor variables: Dissolved Oxygen (DO), pH, 
Turbidity (Turb), Conductivity (Cond), Chloride (Cl), Temperature (Temp), Total Phosphorus 
(TP), Total Nitrogen (TN), total kjeldahl nitrogen (TKN), Ammonia-ammonium (AaAm), Nitrite 
(NO2), Nitrate (NO3), Canopy Cover (Can), Discharge (Dis). Response variables: periphyton 
biomass (Chlorophyll a, Dry Weight, Ash Free Dry Weight (AFDW)) and algal biomass 
(Euglenophyta, Diatoms, Cyanobacteria, Nanoflagellates, Charophyta, Chlorophyta, 











Table 4.6. Comparison of mean, median and range for periphyton Carbon, Nitrogen and 





Table 4.7. Comparison of mean, median and range for molar ratios of periphyton Carbon 





Table 4.8. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, 
total phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, discharge, chloride, dissolved 
oxygen, temperature, pH, canopy cover) and periphyton quality variables (periphyton C/N/P 
content, C:N, C:P and N:P) by land-use. The relationship between the predictor variable on the 
response variable is provided along with the Pearson r value. Variables were log(x + 1) 











Table 4.9. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, 
total phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, discharge, chloride, dissolved 
oxygen, temperature, pH, canopy cover) and periphyton quality variables (periphyton C/N/P 
content, C:N, C:P and N:P) by season. The relationship between the predictor variable on the 
response variable is provided along with the Pearson r value. Variables were log(x + 1) 











Table 4.10. Results of strong and statistically significant (r = ≥ ± 0.60, p < 0.05) Pearson 
correlations for nutrients (Total Dissolved Phosphorus, Total Kjeldahl Nitrogen, Nitrite, Nitrate), 
Discharge and light availability (Turbidity and Canopy cover). Up arrow indicates an increase in 
that parameter and a down arrow indicates a decrease in that parameter. Potential food quality 
conclusions based on the periphyton of the physicochemical parameters are indicated with 
symbols: *increase in food quality, ~decrease in food quality. Variables were log(x + 1) 












Table 4.11. Mean (± standard deviation) molar ratios of periphyton carbon (C), nitrogen (N) and 
phosphorus (P), based on all replicates from each season (spring, summer, fall) and land-use 
(reference, agriculture, urban). For reference, the Redfield (1958) ratio, based on oceanic 
plankton, denoted as Red, and Hillebrand and Sommer (1999) ratio, based on laboratory analysis 







Table 4.12. Number of replicates that are above or below the Redfield (1958) and Hillebrand and 
Sommer (1999) stoichiometric molar ratio of Carbon : Nitrogen (C:N) for the complete dataset, 
season (spring, summer, fall) and land-use (reference, agriculture, urban). The number of 
replicates (Nreplicates) for each category is provided. The percentage of replicates of each ratio 
above or below are noted in brackets. The Redfield (1958) ratio, based on oceanic plankton, 
denoted as Red, and Hillebrand and Sommer (1999) ratio, based on laboratory analysis of 
freshwater periphyton, denoted as HS, are provided. Deviations much greater than the defined 











Table 4.13. Number of replicates that are above or below the Redfield (1958) and Hillebrand and 
Sommer (1999) stoichiometric molar ratio of Carbon : Phosphorus (C:P) for the complete 
dataset, season (spring, summer, fall) and land-use (reference, agriculture, urban). The number of 
replicates (Nreplicates) for each category is provided. The percentage of replicates of each ratio 
above or below are noted in brackets. The Redfield (1958) ratio, based on oceanic plankton, 
denoted as Red, and Hillebrand and Sommer (1999) ratio, based on laboratory analysis of 
freshwater periphyton, denoted as HS, are provided. Deviations much greater than the defined 











Table 4.14. Number of replicates that are above or below the Redfield (1958) and Hillebrand and 
Sommer (1999) stoichiometric molar ratio of Nitrogen:Phosphorus (N:P) for the complete 
dataset, season (spring, summer, fall) and land-use (reference, agriculture, urban). The number of 
replicates (Nreplicates) for each category is provided. The percentage of replicates of each ratio 
above or below are noted in brackets. The Redfield (1958) ratio, based on oceanic plankton, 
denoted as Red, and Hillebrand and Sommer (1999) ratio, based on laboratory analysis of 
freshwater periphyton, denoted as HS, are provided. Deviations much greater than the defined 











Table 4.15. Mean ± standard deviation molar ratio of periphyton and water column nitrogen (N) 
and phosphorus (P), from each season (spring, summer, fall) and land-use (reference, agriculture, 
urban).  Linear regression (R2) and Pearson correlation (r), with alpha (p) value, results between 







Table 4.16. Multiple linear regression results for 2017 data highlighting significant and/or strong 
models and significant individual predictors. Predictor and response variables were log(x+1) 
transformed to meet the assumptions of normality and homoscedasticity. Predictor variables 
included Dissolved Oxygen (DO), pH, Turbidity (Turb), Conductivity (Cond), Chloride (Cl), 
Temperature (Temp), Total Phosphorus (TP), Total Nitrogen (TN), total kjeldahl nitrogen 
(TKN), Ammonia-ammonium (AaAm), Nitrite (NO2), Nitrate (NO3), Canopy Cover (Can), 
Discharge (Dis). Response variables included periphyton carbon content (PeriC), periphyton 
nitrogen content (PeriN), periphyton phosphorus content (PeriP), Carbon:Nitrogren molar ratio 
(C:N), carbon:phosphorus molar ratio (C:P), nitrogen:phosphorus molar ratio (N:P), Highly 















Table 4.17. Significant (p < 0.05) linear regressions for physicochemical and periphyton 
predictor variables and herbivore response variable. The relationship of the predictor variable on 
the response variable is provided along with the F value (degrees of freed; df) and R2. Predictor 
variables were log(x + 1) transformed and response variables were arcsin(√ (x)) transformed 










Table 4.18. Significant (p < 0.05) linear regressions for physicochemical and periphyton 
predictor variables and herbivore response variable. The relationship of the predictor variable on 
the response variable is provided along with the F value (degrees of freed; df) and R2. Predictor 
variables were log(x + 1) transformed and response variables were arcsine(√(x)) transformed 







Table 4.19. Significant (p < 0.05) linear regressions for physicochemical predictor variables and 
invertebrate parameter response variables. The relationship of the predictor variable on the 
response variable is provided along with the F value (degrees of freed; df) and R2. Predictor 
variables were log(x + 1) transformed and response variables were arcsine(√(x)) transformed 








Table 4.20. Significant (p < 0.05) linear regressions for periphyton predictor variables 
(Chlorophyll a (Chla), Periphyton Carbon, Periphyton Nitrogen and Periphyton Phosphorus 
content, Carbon:Nitrogen (C:N), Carbon:Phosphorus (C:P) and Nitrogen:Phosphorus (N:P) 
molar ratios, and total biomass (as calculated from biovolume of identified periphyton groups)) 
and invertebrate parameter response variables (% of Ephemeroptera+Plecoptera+Trichoptera 
(EPT), Amphipoda, Oligochaeta, Chironomidae, Oligochaeta, Dominants and Diptera). The 
relationship of the predictor variable on the response variable is provided along with the F value 
(degrees of freed; df) and R2. Predictor variables were log(x + 1) transformed and response 












Table 4.21. Significant and/or strong multiple linear regression models for 2017 data. Predictor 
variables were log(x+1) transformed to meet the assumptions of normality and homoscedasticity. 
Predictor variables included chlorophyll a (Chla), dry weight (DW), ash free dry weight 
(AFDW), periphyton carbon content (PeriC), periphyton nitrogen content (PeriN), periphyton 
phosphorus content (PeriP), Carbon:Nitrogren molar ratio (C:N), carbon:phosphorus molar ratio 
(C:P), nitrogen:phosphorus molar ratio (N:P), total periphyton abundance based on biomass 
(Total BMS), and algal biomass (Euglenophyta (Eug), Diatoms (Dia), Cyanobacteria (Cyano), 
Nanoflagellates (Nano), Charophyta (Char), Chlorophyta (Chlor), Chrysophyta (Chrys)). Highly 
correlated and significant (r ≥ ± 0.70, p ≤ 0.05) predictor variables were removed prior to 
analysis. Response variables included log(x+1) transformed total invertebrate abundance (based 
on counts), arcsin(√(x)) transformed for Ephemeroptera, Plecoptera, Trichoptera (EPT) percent, 
Oligochaeta percent, Chironomidae percent, Amphipoda percent, Gastropoda percent, Dominant 
percent, Diptera percent, Herbivores percent and Predators percent. Total BMS was calculated 




















Table 5.1. Mean (± standard deviation) of all replicates for parameters, Total Nitrogen (TN), 
Total Phosphorus (TP), Chloride and Discharge for each land-use (Reference, Agriculture and 
Urban) and season in 2016 and 2017 sampling. Spring sampling occurred in June, Summer 
sampling occurred in August and Fall sampling occurred in late September or early October. As 
outlined in text, toxic or disturbance causing TN concentration is ≥ 1.0 mg/L, TP concentration 








Table 5.2. Mean (± standard deviation) of all replicates for parameters, Chlorophyll a (Chla), 
Dry Weight (DW), Ash Free Dry Weight (AFDW) and Total Biomass (TBMS; calculated from 
biovolume of identified periphyton groups) for each land-use (Reference, Agriculture and 
Urban) and season in 2016 and 2017 sampling. Spring sampling occurred in June, Summer 



















Table 5.3. Mean (± standard deviation) of all replicates for biomass (based on biovolume) of 
each identified periphyton group; Euglenophyta (Eug), Diatoms (Dia), Cyanobacteria (Cyan), 
Nanoflagellates (Nano), Charophyta (Char [Desmids]), Chlorophyta (Chlor) and Chrysophyta  
(Chrys), for each land-use (Reference, Agriculture and Urban) and season in 2016 and 2017 
sampling. Spring sampling occurred in June, Summer sampling occurred in August and Fall 

















Figure 1.1. Map of Lake Simcoe Watershed Geographical Area showing bays, municipalities 






Figure 1.2. Conceptual model presented for Chapter 3 – Field Study 2016 where the objective was 
to assess the effects of land-use, season and physicochemical effects on accrued periphyton 
biomass and taxonomic composition are explored. The three goals identified to answer this 
statement were; 1) investigate if water quality changed in response to land-use and/or season, 2) 
determine if periphyton biomass accrual was driven by land-use, seasons, water quality and/or 
light availability and 3) determine if algal taxonomic composition was driven by land-use, 










Figure 1.3. Conceptual model presented for Chapter 4 – Field Study 2017 where the objective was 
to assess the effects of land-use, season and physicochemical effects on established periphyton 
biomass and nutrient content and the impacts these parameters have on invertebrate composition. 
The three goals identified to address this statement were; 1) investigate if water quality changed in 
response to land-use and/or season, 2) determine if a food source (measured as periphyton 
biomass and nutrient content) of benthic invertebrates was impacted by different land-uses, 
seasons and/or water quality, 3) explore interactions between periphyton and invertebrates to 
determine if measures of invertebrate abundance are tied to periphyton biomass and/or nutrient 
content. As an additional goal, aggregate measures of invertebrate were used to assess the 
















Figure 2.1. Lake Simcoe watershed area with postal code delineation (CP, 2016). The increasing 
red within the circles indicates an increasing percentage of response rate from that postal code. 
Higher response rates were from urban areas – Barrie, Newmarket, Aurora and Uxbridge. Light 
red indicates 1-2% response rate, medium-light indicates 3-4% response rate, medium-dark 







Figure 2.2. Stacked bar plot showing each statement respondents were asked about their level of 
concern for nearby waters. The sample population tended towards concern for nearby waters 






Figure 2.3. Stacked bar plot showing each statement respondents were asked about the best 
management practices they used when their lawns are fertilized. The best management practice 








Figure 2.4. Population pyramid showing the frequency of females (blue) and males (red) that have 
high concern (lower values) through to low concern (higher values) for environmental concern 
related to nearby water and Lake Simcoe. Mann-Whitney U-Test showed a significant difference 









Figure 2.5. Clustered bar graph for not regular (blue) and regular fertilizers (red) with seasonal 
fertilizer frequency as determined by summing the frequency of fertilizing during spring, summer 
and fall seasons and categorizing them into low, moderate and high. A strong association was 
identified between regular fertilizers and frequency of applying fertilizer (X2(2) = 147.11, p = 










Figure 2.6. Clustered bar graph for not regular (blue) and regular (red) fertilizers with the number 
of best management practices (BMPs) selected. Respondents were presented with a list of four 
BMPs and could select none and up to all of them. BMPs included: a) maintain a non-fertilized 
area near driveway and sidewalks, b) sweep up fertilizer from driveways and sidewalks, c) never 
over apply fertilizer, and d) do not apply fertilizer when soil is saturated with water for at least 24 
hours after rain. There was also an opened ended question associated with category response, and 
is respondents provided an appropriate fertilizing BMP, it counted as one selection. A strong 
association was identified between regularly fertilizing and number of BMPs selected where 
regular fertilizers tended to select at least one BMP (X2(2) = 33.940, p = 0.000, Cramer’s V = 















Figure 3.1. Principal Component Analysis (top) and cluster analysis of the surficial geology 
(bottom) of the 12 candidate reference sites. Candidate reference sites had less than or equal to 
10% developed land (based on GIS information). The PCA plot explained 95% of the variance 
with one principal component – developed land. Based on the combined information, three 







Figure 3.2. Principal Component Analysis (top) of the 22 candidate test sites. Seventy-three 
percent of the variance is explained by component 1 with the majority of the loading from 
Developed land (see Table (bottom)). While sixteen percent of the variance is explained by 
component 2 with the majority of the loading from annual crops. From combined information, 11 
test sites were selected. Five sites along an agricultural gradient (component 2) and six sites along 









Figure 3.3. Google Earth image of the 14 field sites selected in the Lake Simcoe watershed across 
reference (blue circle), agriculture (yellow square) and urban (pink hexagon) gradients. Gradients 








Figure 3.4. Flow chart representing the results of the human activity gradient analysis. Site names 
are represented by the lotic systems they are found in or close to. The three gradient categories are 
shown across the top – Reference, Agriculture, Urban. Sites located at the top to the bottom of the 
flow chart represent the best to worst (Reference sites), or least proportion to most proportion of 








Figure 3.5. Two views of one representative landscape paver deployed at each of the Lake Simcoe 
watershed field sites in 2016. In total, five landscape pavers were deployed at each site in May, 








Figure 3.6. 2016 Periphyton sampling flow from field site to scraping, using artificial tiles as an 
example. Site (B) selection will be designed for land-use. Natural substrate will be collected 
perpendicular to the shore along the site transect (C). Landscape pavers (D) were completely 
submerged in water. Each paver had 4 scrapes: 3 for periphyton slurry (E) and 1 for periphyton 
identification (F). Scrapings were done with a template and rinsed with RO water. 2017 
periphyton sampling was the same, however, taxonomic samples were not pooled. (Note: bottle 























Figure 3.7. Boxplots (top) showing average Chloride (mg/L) across the nine groups – land-use 
and season, for 2016. Combine plot (bottom) showing raw data (grey) with mean and standard 
deviation (black) of log(x+1) transformed average Chloride in each land-use category. Chloride 
was significantly greater at agriculture sites and still greater at urban sites as compared to 
reference sites. Difference between * shows significant difference between pairwise comparisons 
as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – way ANOVAs. Note: 









Figure 3.8. Boxplots (top) showing Total Phosphorus (µg/L) across the nine groups – land-use 
and season, for 2016. Combine plot showing raw data (grey) with mean and standard deviation 
(black) of log(x+1) transformed Total Phosphorus in each land-use (middle) and season (bottom) 
category. An interaction effect was found when an ANOVA was performed on Land-use*Season. 
One-way ANOVAs were performed on land-use and season separately to explore the large scale 
effects on total phosphorus. Agriculture and urban sites were significantly greater than reference 
sites and summer sites were significantly greater than spring sites. Difference between * shows 
significant difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 
that are based on significant 1 – way ANOVAs. Note: R = reference, A = agriculture, U = urban 













Figure 3.9. Boxplots (top) showing nitrate (mg/L) across the nine groups – land-use and season, 
for 2016. Combine plot (bottom) showing raw data (grey) with mean and standard deviation 
(black) of log(x+1) transformed Nitrate in each land-use category. Urban sites were significantly 
greater reference sites. Difference between * shows significant difference between pairwise 
comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – way 











Figure 3.10. Boxplot showing the minimum probable number (MPN) of Total Coliforms (cfu’s; 
top) and Escherichia coli (cfu’s; bottom) across the nine groups – land-use and season, for 2016. 
There was high variability for MPN of total coliforms at many land-uses and seasons. Note: 2500 
cfu was set as the upper limit for graphing purposes, R = reference, A = agriculture, U = urban 








Figure 3.11. From 2016 data, boxplots (top) of Canopy (% Cover) across the nine groups – land-
use and season. Combine plot (bottom) showing raw data (grey) with mean and standard deviation 
(black) of log(x+1) transformed Canopy in each land-use category. Canopy cover was 
significantly greater at urban sites as compared to reference and agriculture sites. Difference 
between * shows significant difference between pairwise comparisons as calculated by Tukey 
HSD with p < 0.05 that are based on significant 2 – way ANOVAs. Note: R = reference, A = 










Figure 3.12a. Scatterplot showing the non-significant spearman correlation between the percent 
canopy cover and the cumulative light intensity (lux) as measured from the complete logger 
deployment time. Data points include all sites where light loggers were deployed (five sites) and 







Figure 3.12b. Scatterplot showing the significant linear regression (R2adj. = 0.33, F(1,11) = 6.94,  p 
= 0.023) between the log(x+1) cumulative light intensity (lux) and the log(x+1) mean chlorophyll 
a (µg/cm2). Cumulative light intensity was calculated based on the summation of all daytime light 
recordings for the complete deployment period. Data points include all sites where light loggers 



















Figure 3.13a. Boxplot showing the daily cumulative light intensity (lux) for each land-use. R = 
two refence sites (WHI, HAW), A = agriculture site (USC) and U = two urban sites (UXB, WES). 
After nighttime data were removed, daytime light intensity (lux) were summed for each day of 
logger deployment (1 through 22 days). Data were analyzed based on land-use category and 







Figure 3.13b. Boxplot showing the daily coefficient of variation of cumulative light intensity (lux) 
for each land-use. R = two refence sites (WHI, HAW), A = agriculture site (USC) and U = two 
urban sites (UXB, WES). After nighttime data were removed, coefficient of variation was 
calculated for each day of logger deployment (1 through 22 days). Data were analyzed based on 








Figure 3.14a. Boxplot showing the daily cumulative light intensity (lux) for each season at the 
five sites where light loggers were deployed. S = spring, M = summer, and F = fall. After 
nighttime data were removed, daytime light intensity (lux) were summed for each day of logger 







Figure 3.14b. Boxplot showing the daily coefficient of variation of cumulative light intensity (lux) 
for each season at the five sites where light loggers were deployed. S = spring, M = summer, and 
F = fall. Figure shows that daily coefficient of variation for cumulative light intensity was fairly 
consistent in each season. After nighttime data were removed, coefficient of variation was 
calculated for each day of logger deployment (1 through 22 days). Data were analyzed based on 









Figure 3.15a. Boxplot shows mean Chlorophyll a (µg/cm2) that corresponds to the periphyton 
sampled from each of the five sites where light loggers were deployed. Land-use differences are 
highlighted – R = reference sites, A = agriculture sites, and U = urban sites. Data from each site 
during each season was combined: for reference land-use there were six data points, for 
agriculture land-use there were three data points and for urban land-use there were six data points 
in consideration for this boxplot. Only sites where light loggers were deployed are shown to 










Figure 3.15b. Boxplot shows total calculated biomass (mg/cm2), as calculated based on biovolume 
from identified periphyton groups, that corresponds to the periphyton sampled from each of the 
five sites where light loggers were deployed. Land-use differences are highlighted – R = reference 
sites, A = agriculture sites, and U = urban sites. Data from each site during each season was 
combined: for reference land-use there were six data points, for agriculture land-use there were 
three data points and for urban land-use there were six data points in consideration for this 
boxplot. Only sites where light loggers were deployed are shown to explore the potential effect 











Figure 3.15c. Boxplot shows average Chlorophyll a (µg/cm2) that corresponds to the periphyton 
sampled from each of the five sites where light loggers were deployed. Seasonal differences are 
highlighted – S = spring, M = summer, and F = fall.  Data from each site during each land-use was 
combined: for each season, there were five data points in consideration for this boxplot. Only sites 
where light loggers were deployed are shown to explore the potential effect daily light intensity 









Figure 3.15d. Boxplot shows total calculated biomass (mg/cm2), as calculated based on biovolume 
from identified periphyton groups, that corresponds to the periphyton sampled from each of the 
five sites where light loggers were deployed. Seasonal differences are highlighted – S = spring, M 
= summer, and F = fall. Data from each site during each land-use was combined: for each season, 
there were five data points in consideration for this boxplot. Only sites where light loggers were 













Figure 3.16. Dendograms showing cluster analysis for physicochemical parameters (left), 
periphyton biomass indicators (middle) and both physicochemical and biomass parameters (right) 
for each site (labeled with their site code), land-use and season. Note: R = reference, A = 






Figure 3.17. Bar graph showing Shannon Diversity Index as calculated from biovolume 
(determined from periphyton identifications) by site by season at the group level in 2016. Spring 
sampling (May to June) is shown with a dots, Summer sampling (July to August) is shown with 







Figure 3.18. Clustered barplot (top) and boxplot (bottom) showing biomass (mg/cm2), as 
calculated from biovolume from identified periphyton groups, in each season (spring (S), summer 
(M), fall (F)) for each land-use (Reference (R), Agriculture (A), Urban (U)). The total biomass for 
each season (top) is also presented to show the increase in biomass as the sampling season 
progressed. Biovolume of identified periphyton appears to increase as the ice-free season 









Figure 3.19. Barplots showing the total biomass (top) and the proportion of identified periphyton 
(bottom) based on biomass (calculated from cell volume (mg/cm2)) of each taxonomic group by 
site during 2016 spring sampling (May to June). Note: Charophyta are Desmids. Sites are ordered 
along human activity gradients from reference (WHI) to urban (BUN). Community composition 








Figure 3.20. Barplots showing the total biomass (top) and the proportion of identified periphyton 
(bottom) based on biomass (calculated from cell volume (mg/cm2)) of each taxonomic group by 
site during 2016 summer sampling (July to August). Note: Bacillariophyta (Diatoms) and 
Charophyta (Desmids). Sites are ordered along human activity gradients from reference (WHI) to 








Figure 3.21. Barplots showing the total biomass (top) and the proportion of identified periphyton 
(bottom) based on biomass (calculated from cell volume (mg/cm2)) of each taxonomic group by 
site during 2016 fall sampling (September to October). Note: Bacillariophyta (Diatoms) and 
Charophyta (Desmids). Sites are ordered along human activity gradients from reference (WHI) to 








Figure 3.22. Boxplot (top) showing the proportion of Chlorophyta across the nine groups – land-
use and season. Combine plot (bottom) showing raw data (grey) with mean and standard deviation 
(black) of the proportion of Chlorophyta in each land-use category. Agriculture sites are 
significantly greater than reference sites. Difference between * shows significant difference 
between pairwise comparisons as calculated by Dunn post-hoc test with Bonferroni p-value 
correction (p < 0.05), based on significant Kruskal-Wallis test. Note: R = reference, A = 










Figure 3.23. From 2016 data, boxplots (top) showing Euglenophyta biomass (mg/cm2) across the 
nine groups – land-use and season. Combine plot (bottom) showing raw data (grey) with mean 
and standard deviation (black) of log(x+1) transformed Euglenophyta biomass in each season 
category. Fall sites are significantly greater than summer sites. Difference between * shows 
significant difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 
that are based on significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U = urban 
sites and S = spring, M = summer, F = fall sampling times. Proportion of Euglenophyta yielded 
the same significant results using Kruskal-Wallis H test with Dunn post-hoc test and Bonferroni p-





















Figure 3.24. From 2016 data, boxplots (top) showing Charophyta (desmid) biomass (mg/cm2) 
across the nine groups – land-use and season. Combine plot (bottom) showing raw data (grey) 
with mean and standard deviation (black) of log(x+1) transformed Charophyta (desmid) biomass 
in each season category. Fall sites are significantly greater than summer sites. Difference between 
* shows significant difference between pairwise comparisons as calculated by Tukey HSD with p 
< 0.05 that are based on significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U = 
urban sites and S = spring, M = summer, F = fall. Proportion of Charophyta yielded the same 
significant results using Kruskal-Wallis H test with Dunn post-hoc test and Bonferroni p-value 











Figure 3.25. Redundancy analysis correlation triplot for environmental variables (discharge (Dis), 
dissolved oxygen (DO), temperature (Temp), canopy cover (Canopy), chloride (Cl), nitrate, total 
phosphorus (TP), and total suspended solids (TSS)) and relative abundance of six periphyton 
groups (Euglenophyte (Eug), Diatoms (Dia), Charophyte (Char), Chlorophyte (Chlor), 
Nanoflagellate (Nano) and Cyanobacteria (Cyan). The environmental predictor variables are 
arrow vectors in blue and periphyton response variables are shown in red type font. Colour coded: 
S = spring (purple), M = summer (green), F = fall (yellow), R = Reference (black), A = 
Agriculture (grey), U = Urban (orange).. Highly correlated predictor variables (VIF ≥ 20) were 
removed from the data set prior to analysis. Eigenvalues of species and site scores were square 
rooted to plot symmetrically. Top Left: Complete Dataset: The cumulative explanatory percentage 
of the first two RDA axes is 96.1% (RDA1 91.9% and RDA2 4.2%). Top Right: Spring: The 
cumulative explanatory percentage of the first two RDA axes is 92.6% (RDA1 89.6% and RDA2 
3.0%). Bottom Left: Summer: The cumulative explanatory percentage of the first two RDA axes 
is 94.0% (RDA1 87.8% and RDA2 5.2%). Bottom Right: Fall: The cumulative explanatory 























Figure 4.1. Periphyton sampling flow from field sites to scraping, using natural substrates. Site 
(B) selection will be designed for land-use. Natural substrates were collected perpendicular to the 
shore along the site transect (C). Natural substrates (D) were completely submerged in water. 
Each substrate had 4 scrapes: 3 for periphyton slurry (E) and 1 for periphyton identification (F). 







Figure 4.2. Clustered barplot (top) and boxplot (bottom) showing 2017 total periphyton biomass 
(mg/cm2) in each season (spring (S), summer (M), fall (F)) for each land-use (Reference (R), 
Agriculture (A), Urban (U)). The total biomass for each season (top) is also presented to greater 
biomass during the summer as compared to the spring and fall. Total biomass was calculated from 
biovolume as determined by periphyton group identification. Summer periphyton biovolume 









Figure 4.3. Linear regression results (F(1,12) = 5.17, p < 0.05, R2 = 0.30) between water column 
nutrient ratio (Nitrogen : Phosphorus) and total periphyton biomass for spring samples. Total 






Figure 4.4. Linear regression between water column Nitrogen (N) : Phosphorus (P) and 
periphyton N:P molar ratios for urban sites. Although not significant at an alpha of p < 0.05, at p < 
0.01, water column N:P negatively predicted periphyton N:P (F(1,16) = 3.41, p < 0.01, R2 = 0.18). 




















Figure 4.5. Significant linear regressions between average nitrate, periphyton quantity, and 
periphyton nutrient content predictor variables with Herbivore response variable for the complete 
dataset. Predictor variables were log(x+1) transformed and the response variable was arcsin(√(x)) 
transformed prior to analysis and graphing. Significant parameters (with regression results) are 
nitrate (F(1,40) = 4.60, R2 = 0.10, p < 0.05), Chla (F(1,40) = 6.01, R2 = 0.13, p < 0.05) , AFDW 
(F(1,40) = 4.50, R2 = 0.10, p < 0.05), Peri C (F(1,40) = 8.50, R2 = 18, p < 0.05), Peri P (F(1,40) = 









Figure 4.6. Significant linear regressions between average discharge, periphyton quantity, and 
periphyton nutrient content predictor variables with Herbivore response variable for the spring 
dataset. Predictor variables were log(x+1) and the response variable was arcsin(√(x)) transformed 
prior to analysis and graphing. Significant parameters (with regression results) are discharge 
(F(1,12) = 5.02, R2 = 0.30, p < 0.05), Chla (F(1,12) = 5.02, R2 = 0.30, p < 0.05), AFDW (F(1,12) 
= 5.02, R2 = 0.30, p < 0.05), Peri C (F(1,12) = 5.02, R2 = 0.30, p < 0.05), Peri N (F(1,12) = 5.02, 










Figure 4.7. Significant linear regression between nitrate (F(1,12) = 12.98, R2 = 0.52, p < 0.05) and 
Herbivore response variable for the summer dataset. Predictor variable was log(x+1) and the 






Figure 4.8. Significant linear regressions between average chloride and periphyton quantity, and 
periphyton nutrient content predictor variables with Herbivore response variable for the reference 
site dataset. Predictor variables were log(x+1) and the response variable was arcsin(√(x)) 
transformed prior to analysis and graphing. Significant parameters (with regression results) are 
discharge Cl (F (1,7) = 8.01, R2 = 0.53, p < 0.05), Chla (F (1,7) = 8.01, R2 = 0.53, p < 0.05) and 









Figure 4.9. Significant linear regression between nitrate (F (1,13) = 5.85, R2 = 0.31, p < 0.05) and 
Herbivore response variable for the agriculture site dataset. Predictor variable was log(x+1) and 






Figure 4.10. Significant linear regressions between nitrate and periphyton Carbon:Nitrogen 
predictor variables with Herbivore response variable for the urban site dataset. Predictor variables 
were log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis and 
graphing. Significant parameters (with regression results) are nitrate (F(1,16) = 5.94, R2 = 0.27, p 








Figure 4.11. Significant linear regressions between mean nitrate, periphyton quantity, and 
periphyton nutrient content predictor variables with Gastropoda response variable for the complete 
dataset. Predictor variables were log(x+1) and the response variable was arcsin(√(x)) transformed 
prior to analysis and graphing. Significant parameters (with regression results) are nitrate (F(1,40) 
= 7.77, R2 = 0.16, p < 0.05), Chla (F(1,40) = 8.11, R2 = 0.17, p < 0.05), Peri C (F(1,40) = 6.57, R2 











Figure 4.12. Significant linear regressions between total phosphorus and periphyton carbon 
predictor variables with Gastropoda response variable for the spring dataset. Predictor variables 
were log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis and 
graphing. Significant parameters (with regression results) are TP (F(1,12) = 5.64, R2 = 0.32, p < 








Figure 4.13. Significant linear regressions between physicochemical variable, nitrate (F(1,12) = 
5.71, R2 = 0.32, p < 0.05), with Gastropoda response variable for the summer dataset. Predictor 










Figure 4.14. Significant linear regressions between mean discharge and periphyton chlorophyll a 
predictor variables with Gastropoda response variable for the fall dataset. Predictor variables were 
log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis and graphing. 
Significant parameters (with regression results) are discharge (F(1,12) = 5.44, R2 = 0.31, p < 0.05) 







Figure 4.15. Significant linear regressions between mean periphyton nutrient content predictor 
variables with Gastropoda response variable for the agriculture dataset. Predictor variables were 
log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis and graphing. 
Significant parameters (with regression results) are Peri C (F(1,13) = 6.73, R2 = 0.34, p < 0.05), 








Figure 4.16. Significant linear regressions between mean nitrate, discharge and periphyton 
chlorophyll a predictor variables with Gastropoda response variable for the urban dataset. 
Predictor variables were log(x+1) and the response variable was arcsin(√(x)) transformed prior to 
analysis and graphing. Significant parameters (with regression results) are nitrate (F(1,16) = 5.89, 
R2 = 0.27, p < 0.05), discharge (F(1,16) = 6.73, R2 = 0.30, p < 0.05) and Chla (F(1,16) = 6.04, R2 









Figure 4.17. Total number of predators in each season (spring, summer and fall) from each land-
use (reference, agriculture and urban). The total number of predators is shown for each season. 






Figure 4.18. Barplot showing Shannon Diversity Index based on total periphyton biomass (as 
calculated from biovolume from identified periphyton groups) by site by season. Spring sampling 
(June) is shown with a black bar, Summer sampling (August) is shown with dots and Fall 







Figure 4.19. Barplots showing the total biomass (mg/cm2; top) and the proportion of identified 
periphyton (bottom) based on total biomass (calculated from biovolume of identified periphyton 
groups) of each taxonomic group by site during spring sampling (June). Note: Charophyte are 









Figure 4.20. Barplots showing the total biomass (mg/cm2; top) and the proportion of identified 
periphyton (bottom) based on biomass (calculated from biovolume of identified periphyton 
groups) of each taxonomic group by site during summer sampling (August). Note: Charophyte are 









Figure 4.21. Barplots showing the total biomass (mg/cm2; top) and the proportion of identified 
periphyton (bottom) based on biomass (calculated from biovolume of identified periphyton 
groups) of each taxonomic group by site during fall sampling (late-September, early-October). 
Note: Charophyte are Desmids. Sites are ordered along human activity gradients from reference 































Figure 4.22. Redundancy analysis correlation triplot for environmental variables (canopy cover 
(Canopy), temperature (Temp), pH, dissolved oxygen (DO), discharge (Dis), chloride (Cl), 
turbidity (Turb), total phosphorus (TP), total kjeldahl nitrogen (TKN), ammonia-ammonium 
(AaAm), nitrite and nitrate)) and relative abundance of the periphyton groups (Euglenophyte 
(Eug), Diatoms (Dia), Charophyte (Char), Chlorophyte (Chlor), Nanoflagellate (Nano), 
Cyanobacteria (Cyan) and Chrysophyta (Chrys)). Environmental variables are arrow vectors in 
blue and the periphyton variables are shown in red type font. Colour coded: S = spring (purple), M 
= summer (green), F = fall (yellow), R = Reference (black), A = Agriculture (grey), U = Urban 
(orange). Highly correlated predictor variables (VIF ≥ 20) were removed from the data set prior to 
analysis. Eigenvalues of species and site scores were square rooted to plot symmetrically. Top 
Left: Complete Dataset: Explanatory percentage of the first two RDA axes is RDA1 73.7% and 
RDA2 13.8%. Top Right: Spring: Explanatory percentage of the first two RDA axes is RDA1 
60.5% and RDA2 32.4%. Bottom Left: Summer: Explanatory percentage of the first two RDA 
axes is RDA1 68.5% and RDA2 14.9%. Bottom Right: Fall: Explanatory percentage of the first 

















Figure 4.23. Clustered barplot showing invertebrate abundance in each season (spring, summer, 
fall) for each land-use (Reference, Agriculture, Urban). The total invertebrate abundance for each 






Figure 4.24. Dual plot showing total invertebrate abundance (bar graph) and Shannon Diversity 
Index (line graph) by site for Spring sampling (June 2017). Sites are ordered along human activity 
gradients from reference (WHI) to urban (BUN). Diversity appears to be greater when 







Figure 4.25. Dual plot showing total invertebrate abundance (bar graph) and Shannon Diversity 
Index (line graph) by site for Summer sampling (August 2017). Sites are ordered along human 
activity gradients from reference (WHI) to urban (BUN). Diversity appears to be greater when 







Figure 4.26. Dual plot showing total invertebrate abundance (bar graph) and Shannon Diversity 
Index (line graph) by site for Fall sampling (late-September/early-October 2017). Sites are ordered 
along human activity gradients from reference (WHI) to urban (BUN). Diversity appears to be 







Figure 4.27. Redundancy analysis correlation triplot for environmental variables (canopy cover 
(Canopy), temperature (Temp), pH, dissolved oxygen (DO), discharge (Dis), chloride (Cl), 
turbidity (Turb), total phosphorus (TP), total kjeldahl nitrogen (TKN), ammonia-ammonium 
(AaAm), nitrite and nitrate)) and relative abundance of invertebrate groups (Zygoptera (Zyg), 
Ephemeroptera (Eph), Plecoptera (Ple), Trichoptera (Tri), Ceratopogonidae (Cer), Simuliidae 
(Sim), Chironomidae (Chi), Culicidae (Cul), Empididae (Emp), Tipulidae (Tip), Tabanidae (Tab), 
Unknown Diptera (DipUnk), Coleoptera (Col), Hemiptera (Hem), Lepidoptera (Lep), Megaloptera 
(Meg), Oligochaeta (Oli), Nematoda (Nem), Hirudinea (Hir), Gastropoda (Gas), Amphipoda 
(Amp), Collembola (Colm), Copepoda (Cop), Cladocera (Cla), Ostracoda (Ost), Bivalve (Biv), 
Crayfish (Cray), Acari (Aca), Isopoda (Iso), Millipede (Mil)). The environmental predictor 
variables are arrow vectors in blue and the invertebrate response variables are shown in red type 
font. Land-use groups are colour coded: S = spring (purple), M = summer (green), F = fall 
(yellow), R = Reference (black), A = Agriculture (grey), U = Urban (orange). Highly correlated 
predictor variables (VIF ≥ 20) were removed from the data set prior to analysis. Eigenvalues of 
species and site scores were square rooted to plot symmetrically. Top: Complete Dataset: 
Explanatory percentage of the first two RDA axes is RDA1 49.7% and RDA2 26.8%. Bottom: 





























Figure 4.28. Redundancy analysis correlation triplot for environmental variables (canopy cover 
(Canopy), temperature (Temp), pH, dissolved oxygen (DO), discharge (Dis), chloride (Cl), 
turbidity (Turb), total phosphorus (TP), total kjeldahl nitrogen (TKN), ammonia-ammonium 
(AaAm), nitrite and nitrate)) and relative abundance of invertebrate groups (Zygoptera (Zyg), 
Ephemeroptera (Eph), Plecoptera (Ple), Trichoptera (Tri), Ceratopogonidae (Cer), Simuliidae 
(Sim), Chironomidae (Chi), Culicidae (Cul), Empididae (Emp), Tipulidae (Tip), Tabanidae (Tab), 
Unknown Diptera (DipUnk), Coleoptera (Col), Hemiptera (Hem), Lepidoptera (Lep), Megaloptera 
(Meg), Oligochaeta (Oli), Nematoda (Nem), Hirudinea (Hir), Gastropoda (Gas), Amphipoda 
(Amp), Collembola (Colm), Copepoda (Cop), Cladocera (Cla), Ostracoda (Ost), Bivalve (Biv), 
Crayfish (Cray), Acari (Aca), Isopoda (Iso), Millipede (Mil)). The environmental predictor 
variables are arrow vectors in blue and the invertebrate response variables are shown in red type 
font. Land-use groups are colour coded: S = spring (purple), M = summer (green), F = fall 
(yellow), R = Reference (black), A = Agriculture (grey), U = Urban (orange). Highly correlated 
predictor variables (VIF ≥ 20) were removed from the data set prior to analysis. Eigenvalues of 
species and site scores were square rooted to plot symmetrically. Top: Summer: Explanatory 
percentage of the first two RDA axes is RDA1 59.4%, RDA2 15.4% and RDA3 12.9%. Fall: 





















Figure 4.29. Grouped bar plots showing the percent (%) EPT (Ephemeroptera, Plecoptera, 
Trichoptera) and Chironomidae at each site during each season Spring (June 2017; top), Summer 
(August 2017; middle) and Fall (late-September/early-October 2017; bottom). Calculations are 
based on the total number that the group comprises from all identified invertebrates at each site. 
The % EPT is typically a measure to indicate good or better water quality as these invertebrates 
are typically intolerant to pollution and % Chironomidae indicates poor or worse water quality as 
these invertebrates are typically tolerant to pollution. Percent EPTs are present at all reference 
sites during each season and not present at all agriculture nor urban sites. Indicating that reference 
sites may have better water quality as compared to agriculture and urban sites. Sites are ordered 













Figure 4.30. Significant linear regressions for the spring sampling with predictor variables Total 
Phosphorus and mean Chloride with response variable EPT (Ephemeroptera + Plecoptera + 
Trichoptera). Predictor variables were log(x+1) transformed and response variable was 
arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters (with regression 
results) are total phosphorus (F(1,12) = 13.38, R2 = 0.53, p < 0.05) and chloride (F(1,12) = 10.50, 









Figure 4.31. Significant linear regressions for the summer sampling with predictor variables Total 
Phosphorus and mean Chloride with response variable EPT (Ephemeroptera + Plecoptera + 
Trichoptera) and Oligochaeta, respectively. Predictor variables were log(x+1) transformed and 
response variable was arcsin(√(x)) transformed prior to analysis and graphing. Significant 
parameters (with regression results) are total phosphorus (F(1,12) = 10.29, R2 = 0.46, p < 0.05) 









Figure 4.32. Significant linear regressions for reference sites with mean discharge, chlorophyll a, 
Peri C, Peri P, C:P and N:P. Predictor variables were log(x+1) transformed and response variable 
was arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters (with 
regression results) are discharge (F(1,7) = 8.60, R2 = 0.55, p < 0.05), Peri C (F(1,7) = 8.12, R2 = 
0.54, p < 0.05), Peri N (F(1,7) = 14.51, R2 = 0.67, p < 0.05), C:P (F(1,7) = 9.03, R2 = 0.56, p < 






















Figure 4.33. Significant linear regression for reference sites with mean periphyton predictor 
variables with response variable Diptera. Predictor variables were log(x+1) transformed and 
response variable was arcsin(√(x)) transformed prior to analysis and graphing. Significant 
parameters (with regression results) are discharge (F(1,7) = 8.90, R2 = 0.56, p < 0.05), Peri C 
(F(1,7) = 6.82, R2 = 0.49, p < 0.05), Peri N (F(1,7) = 12.32, R2 = 0.64, p < 0.05), C:P (F(1,7) = 








Figure 4.34. Significant linear regression for reference sites with predictor variable mean 
Discharge (F(1,7) = 8.90, R2 = 0.55, p < 0.05) with response variable Chironomidae. Predictor 
variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to 







Figure 4.35. Significant linear regression for agriculture sites with predictor variable Nitrate 
(F(1,13) = 20.07, R2 = 0.61, p < 0.05) with response variable EPT (Ephemeroptera + Plecoptera + 
Trichoptera). Predictor variables were log(x+1) transformed and response variable was 







Figure 4.36. Significant linear regressions predicting percent Chironomidae from average C:P (top 
left; F(1,7) = 9.03, R2= 0.56, p < 0.05) and from N:P (top right; F(1,7) = 8.29, R2= 0.54, p < 0.05) 
and predicting percent Oligochaeta from C:P (middle left; F(1,7) = 6.38, R2= 0.48, p < 0.05) and 
from N:P (middle right; F(1,7) = 6.51, R2= 0.49, p < 0.05) and percent Amphipoda from C:N 
(bottom left; F(1,7) = 9.27, R2= 0.57, p < 0.05)) for reference sites in 2017. Predictor variables 
were log(x + 1) transformed and response variables were arcsine(√(x)) transformed prior to 










Figure 4.37. Significant linear regressions predicting percent EPT from mean C:N (top left; 
F(1,13) = 7.79, R2= 0.37, p < 0.05t) and from C:P (top right; F(1,13) = 8.62, R2= 0.40, p < 0.05) 
and for predicting percent Gastropoda from C:N (bottom left;) and C:P (bottom right) for 
agriculture sites in 2017. Predictor variables were log(x + 1) transformed and response variables 
were arcsin(√(x)) transformed prior to analyses. Note: E = Ephemeroptera, P = Plecoptera, T = 









Figure 4.38. Significant linear regression for the agriculture sites with predictor variable mean 
chlorophyll a (F(1,13) = 6.69, R2 = 0.34, p < 0.05) with response variable Dominants. Predictor 
variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to 







Figure 4.39. Significant linear regression for the agriculture sites with predictor variable mean 
chlorophyll a (F(1,13) = 5.04, R2 = 0.28, p < 0.05) with response variable Diptera. Predictor 
variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to 







Figure 4.40. Significant linear regressions predicting percent Chironomidae from mean 
chlorophyll a (left; F(1,13) = 5.18, R2 = 0.23, p < 0.05) and percent Amphipoda from chlorophyll a 
(right; F(1,13) = 5.06, R2 = 0.22, p < 0.05) for agriculture sites in 2017. Predictor variables were 









Figure 4.41. Significant linear regressions predicting percent EPT (left; F(1,16) = 11.85, R2= 0.43, 
p < 0.05) and Gastropoda (right; F(1,16) = 6.04, R2= 0.27, p < 0.05) from mean chlorophyll a for 
urban sites in 2017. Predictor variables were log(x + 1) transformed and response variables were 
















Figure 4.42. Significant linear regression for the urban sites with predictor variable mean 
Periphyton Nitrogen (F(1,16) = 4.56, R2= 0.22, p < 0.05) with response variable Diptera. Predictor 
variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to 






Figure 4.43. Significant linear regression for the spring sampling with predictor variable mean 
Periphyton Phosphorus (F(1,12) = 5.5, R2 = 0.31, p < 0.05) with response variable Diptera. 
Predictor variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed 







Figure 4.44. Significant linear regressions predicting percent Oligochaeta from total periphyton 
biomass (F(1,12) = 8.12, R2= 0.35, p < 0.05) for the summer dataset in 2017. Predictor variables 
were log(x + 1) transformed and response variables were arcsine(√(x)) transformed prior to 







Figure 4.45. Significant linear regression for the summer sampling with predictor variable Total 
Periphyton Biomass (F(1,12) = 4.81, R2= 0.29, p < 0.05) with response variable Diptera. Predictor 
variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to 









Figure 4.46. Significant linear regressions predicting percent EPT (left; F(1,12) = 4.80, R2= 0.29, 
p < 0.05) from mean chlorophyll a and Amphipoda (right; F(1,12) = 7.66, R2= 0.39, p < 0.05) 
from average Carbon:Nitrogen for the fall dataset in 2017. Predictor variables were log(x + 1) 
transformed and response variables were arcsine(√(x)) transformed prior to analyses. Note: E = 











Figure 5.1. Clustered bar graphs showing the non-significant associations between respondents 
that identified as having a city or rural/agriculture postal code and not regular and regular 
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CHAPTER 1 – INTRODUCTION 
1.1 Land-use and Nutrients 
 Watersheds capture and transport precipitation to water bodies, typically first 
through stream networks that flow into catch basins such as ponds, lakes, and reservoirs. 
By nature of this definition, precipitation, as rainfall and/or snowmelt, flows over and 
through the land until it reaches its receiving waters. Hynes (1975) and Vannote et al. 
(1980) illustrated that lotic waters are influenced by the land where they occur. This is 
evident in the type of allochthonous organic matter that dominates the subwatersheds of 
various stream reaches, and the impact of both allochthonous and autochthonous organic 
materials on the in-stream invertebrate community (Vannote et al., 1980).   
 Changes in land-use from natural cover (for example, forest and grassland) to 
agriculture or urban cover can alter the path, amount, and timing of precipitation on its 
way to receiving waters (Carpenter et al., 1998). Agricultural changes to the landscape, 
such as tile drainage, increased irrigation, and increased application of fertilizer, as well 
as, the urbanization of land through increased impervious cover, can increase runoff and 
therefore nutrient and pollutant loadings to receiving waters.  
Water quality and quantity are important drivers of ecosystem structure and 
function. The quality of tributary water can impact the function of downstream 
communities. Increasing water quantity by increasing impervious surfaces, irrigation and 
precipitation, can dilute water quality as well as alter the course of lotic waters. Also, a 
greater area of impervious land can drain in less time, which can result in an increase in 
loading of nutrients, sediments, and solids. As naturally vegetated lands and agricultural 




delivery to tributaries and the subsequent impacts (Groffman et al., 2004) because non-
point source nutrients entering tributaries will only continue to rise (Roberts et al., 2009).  
 Thomas et al. (2018) quantified nitrogen and phosphorus concentrations in 
Ontario tributaries that flowed into Lake Erie and Lake Huron based on watershed 
parameters associated with agriculture, urbanization, and municipal sewage treatment 
plants. Models showed that to some degree, nitrogen and phosphorus concentrations in 
streams could be predicted based on agriculture and urban land-use activities (Thomas et 
al., 2018). Eimers and Watmough (2016) illustrated that increases in Lake Ontario nitrate 
concentrations were a result of changes in nitrate loadings to tributaries, which were 
likely the result of changes in agriculture practices. High-demand nitrate crops were used 
causing additional nitrate leaching to tributaries because urbanized streams showed a 
decline in nitrate during the study period (Eimers and Watmough, 2016).  
Nutrient availability in aquatic ecosystems are drivers for determining trophic 
status (Long et al., 2014). Ontario tributaries have natural (i.e., ambient) concentrations 
of the land-use indicator chloride and the nutrients nitrogen and phosphorus. Chloride 
concentrations vary between 10 to 30 mg/L (CCME, 2011), total nitrogen (TN) 
concentrations can be approximately 0.31 to 0.45 mg/L (US EPA, 2000), and total 
phosphorus (TP) concentrations can be approximately 0.025 and 0.03 mg/L (OME, 
1994). Accumulation of excess nutrients in tributaries has the potential to cause negative 
consequences, such as eutrophication (Long et al., 2014), subsequent harmful algal 
blooms (HABs) (Chen et al., 2012), hypoxia and anoxia in rivers, and in downstream 
water bodies (Roberts et al., 2009). This can negatively impact aquatic life, drinking 




Water Quality target to prevent the accumulation in reservoirs and drinking water of TN 
is ≥ 1 mg/L (EC, 2016) whereas for chloride, 120 mg/L has been set as the chronic 
toxicity guideline (CCME, 2011). TP becomes an issue for ecosystem structure and 
function with accumulation in reservoirs fed by tributaries at ≥ 0.10 mg/L (OME, 1994).  
In some aquatic ecosystems, biologically available nitrogen can be supplied 
through microbial nitrogen (N2) fixation, which can satisfy nitrogen requirements under 
low concentrations (Paerl, 2009). This biological process has been used to support the 
argument that phosphorus may be the limiting nutrient.  Watersheds capture, accumulate, 
and mobilize large amounts of biologically available nitrogen relative to phosphorus 
(Paerl, 2009). Phosphorus is not readily available in the atmosphere, although it can be 
found in dust particles particularly in agricultural areas or places where phosphorus is 
naturally sourced from bedrock. Over time, phosphorus is lost to the landscape via 
erosion processes and can be transported away by rain or snowmelt. Phosphorus transport 
is governed by surface and subsurface flow (Flaig and Reddy, 1995). As such, 
phosphorus is typically a limiting nutrient in undisturbed ecosystems because of naturally 
low supply (Smith et al., 2014). In streams and wetlands, phosphorus retention is 
governed by a combination of chemical sorption by sediment, biological uptake, and 
sediment accumulation (Reddy et al., 1996). 
Despite excess phosphorus in runoff and from soils, receiving surface waters can 
vary in their tolerance of phosphorus inputs (Soldat et al., 2009). Soluble orthophosphate 
levels will fall quickly in lentic freshwater due primarily to adsorption of phosphate by 
sediments and secondly by uptake by phytoplankton, macrophytes, and bacteria (Tabinda 




al., 2009). Phosphorus is typically retained in acidic soils as iron (Fe) and aluminum (Al) 
-phosphates when cation activities are high, and in alkaline soils, by the activities of 
calcium (Ca) and magnesium (Mg) (Reddy et al., 1996). At neutral to slightly acidic 
soils, phosphorus availability is high (Reddy et al, 1996) because it is not being fixed to 
Fe, Al, Ca or Mg in acidic and alkaline soils.  
When water column phosphorus concentration is high, sediments serve as a sink 
for phosphorus and conversely, phosphorus can be released from sediments when water 
column concentrations are low (Tabinda and Ayub, 2010). Internal loading in lakes may 
be increasing primary production (McCulloch et al., 2013) and decreasing its ability to 
tolerate increased phosphorus loading (Carey and Rydin, 2011) from the tributaries. 
Aquatic plants can store phosphorus; however, the capacity depends on their growth rate 
and supportive tissue (biomass) (Reddy et al., 1996). Major uptake or “bioavailable” 
forms of phosphorus are negatively charged phosphate (PO4
3-) and hydrogen phosphate 
(HPO4
2-), which are repelled by negatively charged soils. This allows these ions to be 
readily leached from some types of soils and subsequently transported. Phosphorus can 
also be transported through airborne means in dust/dirt, sea spray (Smith et al., 2014), 
pollen, and burning of fossil fuels (LSPRS, 2010).  
Expanding urban areas offset the reduction of total phosphorus loading to Lake 
Simcoe (Winter et al., 2002). A focus for research will be to quantify nutrient loading 
from urban land-use. The major sources of phosphorus identified in the Lake Simcoe 
watershed (LSW) (LSPRS, 2010) are 1) Holland Marsh and smaller polders (4%), 2) 
Septic (on-site sewage) systems (6%), 3) Sewage Treatment Plants (7%), 4) Atmospheric 




watershed tributaries (56%). This fifth category, is divided into two sub-categories A) 
Urban Runoff and Stormwater and B) Rural and Agricultural. 
The current estimated phosphorus load from Rural and Agricultural sources, 
including hay, pasture and cropland is 25% (LSPRS, 2010). It should be noted that some 
agricultural land receives additional loading through the application of biosolids (LSPRS, 
2010). Much work has gone into identifying the sources of phosphorus from agricultural 
lands as well as reducing these loads through voluntary participation in programs that 
combine education and incentives (e.g. Landowner Environmental Assistance Program 
(LEAP) and the Canada-Ontario Environmental Farm Plan (EFP)) (LSPRS, 2010). 
However, the non-point sources of phosphorus from urban runoff and stormwater have 
not been well identified and quantified. This presents a gap in the understanding of the 
role that tributaries in urban land-uses play and the ability to reduce the amount of 
phosphorus loading to Lake Simcoe. 
Phosphorus from Urban Runoff and Stormwater sub-category account for 31% of 
total phosphorus load to Lake Simcoe. This is expected to increase because many urban 
areas are seeing notable human population growth and intensification (LSPRS, 2010). 
Impermeable surfaces increase runoff to storm drains that in older neighbourhoods, 
empty directly into tributaries. In newer developments (~last 40 years) runoff is captured 
by storm drains, then directed into stormwater management ponds. Stormwater 
management ponds are designed to capture pollutant-laden suspended solids, and settle 
them out before stormwater enters receiving tributaries. Since 1994, stormwater 
management control facilities are required to service all new urban developments and 




removal of suspended solids, bacteria, metals and nutrients (LSRCA, 2007). Phosphorus 
in urban stormwater can come from a variety of sources, such as pet and wild animal 
waste, detergents and naturally occurring phosphorus in the soil (LSPRS, 2010). 
Another likely source of nutrients are fertilizers applied to residential lawns and 
maintained open-areas, known as cosmetic or non-agriculture fertilizer. This type of 
fertilizer is used by individuals and landscaping companies for lawn maintenance and 
cosmetic appearance. Packaged fertilizer for individual consumer-scale purchase contains 
percentage available by weight of nitrogen, phosphorus and potassium. Supplemented 
nitrogen supports rapid plant growth, increases the production of seeds, the quality of the 
plant, and is a primary component of cell structures (including chlorophyll). Added 
phosphorus promotes root growth and blooming and is required for the formation of 
lipids and chemical energy, which aids the plant to withstand stress and disturbance. 
Finally, potassium in fertilizer supports photosynthesis, protein production, and disease 
reduction. Secondary nutrients added to fertilizer can be sulfur, calcium, and magnesium 
and micronutrients that may be included are boron, cobalt, iron, manganese, 
molybdenum, and zinc.  
The majority of packaged fertilizer by weight is filler, which has no value to the 
plant other than serving as soil amendment. Organic fertilizers are not so much of a 
concern as a source of nutrients to surface waters because they are typically not water 
soluble and their mode of action is to stimulate soil microorganisms and soil structure 
rather than feed plants directly. Synthetic (inorganic) fertilizers are readily available at 
local stores and are broadly marketed to consumers. They are made of components that 




into a useable form for the plant and can be coated to promote a slow-release effect. 
Synthetic fertilizers are typically water-soluble so they are readily available to the plant. 
Solid inorganic fertilizers can contain urea (CO(NH2)2), ammonia nitrogen (NH3-N) and 
more commonly ammonium (NH4) or nitrate (NO3) as the nitrogen source (Vitosh, 1996). 
Nitrate is more mobile due to its anionic charge than ammonium. If nitrate is not used 
immediately by the plant, it can be easily transported away by leaching. Phosphorus is 
represented as phosphorus pentoxide (phosphorus oxide) (P2O5) in fertilizers and is 
highly water soluble. Potassium (K) is represented as potassium oxide (K2O) and is also 
highly water soluble and is held in the soil by clay and organic matter, similar to 
ammonium (Vitosh, 1996). Leaching of potassium does not commonly occur except in 
very sandy or gravelly soils (Vitosh, 1996).  
When the appropriate grass species are selected, planted or seeded and maintained 
properly, lawns in developed areas can prevent flooding and erosion, provide an aesthetic 
appeal and improve air quality in urban regions (Kakuturu et al., 2013). However, grasses 
used for lawns are generally not hardy plants and can be susceptible to disease, pests, and 
soil problems that can cause brown spots or turf death. Grass management will therefore 
depend on its end use. However, all strategies include varied applications in amounts and 
frequencies of irrigation, fertilization, grooming, and weed and pest management (for 
example. herbicides, insecticides and manual weeding) (Shuman, 2005). The concern 
from grass management is when nutrients applied to the turf impair the grass ecosystem, 
occur in runoff and/or leach from the soil and enter the surface and/or ground water 
(Cheng et al., 2014). An increase in nutrient loss can result from two factors; excess 




heavy precipitation, both coupled with soil type and nutrient form. Phosphorus can be 
lost to some degree as particulate phosphate, yet the majority of phosphorus in runoff 
from grass is in the dissolved form (Soldat et al., 2009). Fertilizer particles, vegetation 
(living or dead), or soil leachate can be sources of dissolved phosphorus (Soldat et al., 
2009). Phosphorus in runoff from urban environments can also be derived from plants, 
particularly from frozen soil (Steinke et al., 2013).  
In a residential landscape experiment, Spence et al. (2012) found that overland 
flow was not a major source for nutrient loss. Furthermore, the researchers showed that 
turf growth was limited by water availability when nitrogen supply was sufficient. Barton 
and Colmer (2006) noted that the amount of nitrogen leached from residential landscapes 
is influenced by the amount and frequency of irrigation, fertilization, and the growth 
phase of the grass. Any nitrogen from fertilizer that is not acquired, denitrified or 
volatilized by soil microbes, or retained in the soil will be leached (Barton and Colmer, 
2006). Barton and Colmer (2006) summarized that low levels of leached nitrogen can be 
accomplished by 1) minimizing soil water movement so that irrigation regimes are 
consistent with soil porosity, 2) applying external nutrients at a rate and frequency that 
matches grass demand, 3) returning grass clippings without supplying additional nitrogen 
inputs, and 4) accounting for the age of the turf. Trenholm et al. (2013) showed that 
nitrate-nitrogen leaching potential can be minimized by not applying nitrogen fertilizer 
for at least 30 to 60 days after sodding of St. Augustine grass. Furthermore, Cheng et al. 
(2004) noted that nitrate leaching will occur from grass when irrigation is excessive 




that nutrient leaching from porous soil golf greens will increase if irrigation rates exceed 
evapotranspiration rates. 
In new residential developments, it is common to install sod on exposed subsoil. 
This soil layer is naturally low in nutrients, has poor water infiltration and is anaerobic 
(Cheng et al., 2014). When grass is placed on subsoil, lawns require a large amount of 
water and added nutrients for establishment and maintenance (Cheng et al., 2014). In an 
experiment to measure runoff and nutrient loss from grass established on topsoil versus 
subsoil, as well as the application of organic versus inorganic fertilizer, Cheng et al. 
(2014) showed that surface runoff was higher from turf on subsoil and inorganic fertilizer 
had a greater amount of ammonium-nitrogen, phosphorus, potassium and sulfur loss as 
compared to turf on topsoil and organic fertilizer. Shuman conducted experiments on 
simulated golf greens (2001) and compared to field conditions (2003), showed an 
effective method for golf green maintenance to reduce any potential impact from excess 
nutrient loading to surface waters is to use slow-release nitrogen fertilizer and low 
application rates of both nitrogen and phosphorus.  
From the literature presented here, runoff may not be a high priority for nutrient 
loading to surface waters considering the broad tolerance of soils for excess nutrients. 
There remains concern that excess nutrient loading can occur via leaching when the soil 
becomes saturated with nutrients and then water mobilizes the excess nutrients to 
stormwater drains. The likelihood of increased nutrient loading to surface water 
tributaries will increase from residents who regularly fertilize (especially with quick-





Once more is understood about the various urban land-use sources of nutrients, a 
next step in research will be to isolate ways to decrease runoff and net-nutrient inputs 
from each tributary basin in order to further reduce loading to Lake Simcoe (Hiscock et 
al., 2003). The research presented here focuses on tributaries across a gradient of land-
uses that vary in nutrient source potential from reference to agriculture to urban and the 
impact these nutrient sources have on aquatic ecosystem health. One area of priority 
focus is the amount, timing, and impact of nutrients from non-agriculture fertilizer, which 
will be further explored in Chapter 2 and Chapter 3.  
1.2 Biotic Responses to Nutrients 
Periphyton are defined as attached communities that consist of algae, bacteria, 
fungi and microbes with associated detritus. Periphyton communities are typically the 
dominant primary producer in lotic environments and as such, serve as the link between 
nutrient availability and higher trophic levels (Godwin et al., 2009). These attached 
communities are influenced by abiotic factors, such as substrate, temperature, light, 
current, nutrients and biotic factors, such as invertebrate grazing (Vis et al., 1998). 
Nutrient concentrations are correlated with lotic periphyton biomass (Godwin et al., 
2009) as excess nutrient loading in streams and rivers can also produce excess growth of 
periphyton (Lewis et al., 2011). Periphyton growth seems likely to be limited by nitrogen 
and phosphorus, because periphyton will show the strongest growth response when both 
nutrients are added to lotic freshwater systems (Lewis et al., 2011). However, in forested 
first-order streams, periphyton growth may be limited by light availability and 
invertebrate grazing (Greenwood and Rosemond, 2005). This may be due to the fact that 




compared to larger, higher-order streams. This increase in nutrients for first-order streams 
can be due to atmospheric deposition, saturation of terrestrial ecosystems, and/or 
mobilization from soils (Greenwood and Rosemond, 2005).  
A patchiness of nutrient availability occurs in tributaries as a result of rapid water 
and nutrient renewal times. How this patchiness impacts periphyton growth is not well 
studied (Davies and Bothwell, 2012). Compounding nutrient patchiness are nutrient 
pulses, where excess nutrients are loaded in interval(s) over a short amount of time. 
Davies and Bothwell (2012) noted that there were no studies that focused on biomass 
accrual of periphyton as a result of temporal pulses of nutrients. In lotic systems, benthic 
algal biomass may be determined by disturbance fluctuations, which reflect changes in 
discharge and invertebrate grazing (Davies and Bothwell, 2012). Benthic invertebrates 
will generate smaller nutrient pulses through mechanical disruption and excretion, yet can 
impact nutrient availability (Davies and Bothwell, 2012). If grazing is consistent, a 
potentially longer-term supply of nutrients is available to remaining periphyton.  
Disturbance and discharge will generate rapid changes in nutrient concentrations 
in the short term (Davies and Bothwell, 2012). Ratios that indicate nutrient limitation, 
such as carbon (C) to nitrogen (N) and C to phosphorus (P) are typically higher for 
benthic algae than phytoplankton (Godwin et al., 2009). Microalgae are able to quickly 
acquire and store phosphorus over and above immediate growth requirements, however, 
the amount and frequency of phosphorus pulses needed to maintain consistent growth 
rates have not been quantified (Davies and Bothwell, 2012). Furthermore, nutrient uptake 
by periphyton is governed by internal stores (Godwin et al., 2009). This means that if 




downstream communities. Also, periphyton with high internal nutrient stores will add to 
downstream nutrient content by becoming dislodged in high flow events. High flow 
events can be the result of increased runoff and precipitation. Godwin et al. (2009) 
estimated that downstream nutrient content can increase more than 10- and 100-fold for 
nitrogen and phosphorus, respectively. Periphyton communities can influence the form 
(dissolved, particulate, organic and inorganic) and amount of nutrients downstream 
(Godwin et al., 2009). 
Excess nutrients may not cause a drastic increase in periphyton biomass in every 
case, however it may cause a shift in community composition. This taxonomic shift may 
occur due to tolerance ranges and competitive abilities of individual periphyton 
populations (Greenwood and Rosemond, 2005). Interestingly, Greenwood and Rosemond 
(2005) found no changes after continual moderate nutrient loading of undisturbed North 
Carolina shaded headwater streams in periphyton biomass and community composition. 
This may be attributed to low starting periphyton biomass, lack of periphyton populations 
that can respond to nutrient additions and/or other limiting factors. Other studies have 
noted that with major changes in water quality, resulting in changes in periphyton 
biomass, diversity indices, biotic indices, and taxonomic composition have occurred (e.g., 
Vis et al., 1998). Discrepancies in which periphyton characteristics change are likely the 
result of high variability of periphyton communities and the variability of lotic systems 
being studied – temperate, tropical, stream-order (Vis et al., 1998), watershed land-use, 
and level of stream disturbance.  
Nevertheless, increased nutrient input has been shown to increase primary 




More specifically, fertilization and increased land-use intensity may increase primary 
producer biomass, invertebrate abundance, and decrease taxon richness at all trophic 
levels (Liess et al., 2012). Furthermore, Godwin et al. (2009) showed that periphyton 15N 
increased with higher stream order, which may be attributed to an increase of 
anthropogenic nitrogen inputs. The observed values are consistent with agricultural 
runoff enriched with fertilizer and domestic animal waste. 
The ultimate response of periphyton growth rate, physiological condition, and 
taxa composition to variable nutrient availability is not definitive (Davies and Bothwell, 
2012). The research conducted for this project will shed light on accrued periphyton 
biomass and taxa composition in response to nutrient sources that occur in tributaries 
from urban land-uses in a temperature region. Any changes in urban land-use tributaries 
will be compared to agriculture and reference land-uses to determine if urban systems are 
comparable or of worse quality than reference and/or agriculture inputs.  
To adequately assess ecosystem productivity, the relative importance of food 
biomass and nutrient content is necessary to understand (Hessen et al., 2002). The growth 
and reproduction of aquatic herbivores are directly affected by the nutritional quality of 
algae, in addition to algal biomass (Guo et al., 2015). The nutritional quality of algae can 
be determined through elemental ratios (C:N:P). The large variations in energy transfer 
efficiencies are not explained when the focus is solely on periphyton N and P content. 
Algae may show an increase in biomass and productivity, however if key biochemical 
components in algae are lacking in the food web, there may not be a noticeable increase 




A balance of light and nutrients in the environment will play a role in elemental 
ratio concentrations of algae. In optimal light conditions, photosynthetic C-uptake is high, 
and inorganic P supply must also be high to maintain a synchronized uptake of C and P. 
If the supply of inorganic P is not maintained, desynchronization may occur which could 
cause decreasing P:C ratios (Hessen et al., 2002). This can result in an accumulation of 
storage lipids (Hessen et al., 2002).  
Algae have the ability to alter their photosynthetic machinery to acclimate with 
changing light conditions (Hessen et al., 2002; Guo et al., 2015). In low light, algae are 
increasing their light harvesting pigments and associated membranes (Hill et al., 2011) as 
measured by chlorophyll:C ratios (Hessen et al., 2002). However, adapting to low light 
comes with an increased need of N, due to the protein requirements of increased pigment 
production (Hessen et al., 2002; Guo et al., 2015). When light is limited and P is not, 
food quality will be high (increase P:C ratio), however algal biomass will be low (Hessen 
et al., 2002). These scenarios suggest that in conditions with high light and low nutrients, 
algal biomass and quality (N and P) are low (Hill et al., 2011). Highest food quality of 
periphyton will occur at optimal light intensity and nutrient conditions (Guo et al., 2015). 
Low quality food can result in low transfer efficiencies between primary producers and 
consumers (Müller-Navarra et al., 2000). 
In low order streams, including headwater tributaries, and during the fall season, 
there may be an increase of allochthonous sources to surface waters. This provides 
invertebrate consumers with a choice of food resources. However, compared to 
allochthonous sources, autochthonous sources, such as periphyton, typically contain 




digestion (Hill et al., 2011). For these reasons, aquatic primary producers are generally 
recognized as the major energy source (Lau et al., 2009) and as high-quality food for 
herbivores.  
Light intensity and nutrient availability in streams are altered by land-use changes 
in the catchments. Development adjacent to tributaries can decrease riparian cover and 
increase light intensity (Cashman et al., 2013), as well as increase nutrient loading 
through anthropogenic pollution (Galloway and Winder, 2015). These changes can alter 
the nutrient supply and cause shifts in nutrient limitation, for example from P-limited 
aquatic systems to N-limited (Liess et al., 2012). Shifting lotic water nutrient states may 
alter periphyton community composition, richness, biomass and internal nutrient and 
biochemical composition (Liess et al., 2012). 
Studies that examine the effects of light and nutrients on algae have primarily 
been in controlled laboratory experiments or on lake plankton (Cashman et al., 2013). 
There is a gap in the literature for the effects of abiotic conditions on in situ stream 
periphyton nutritional content in the Lake Simcoe watershed, and how the nutritional 
content affects consumers. Sampling benthic invertebrate community assemblages 
through species richness, abundance, and aggregate measures of percent composition of 
certain groups (for example dominants, Chironomidae, Oligochaeta and 
Ephemeroptera+Plecoptera+Trichoptera (EPT)) presents an opportunity to determine 
relationships between food quantity, food quality, and any effects land-use or season may 
have on the invertebrate community.  
Everall et al. (2019) demonstrated in the U.K that benthic macroinvertebrate 




including season, substrate composition, altitude, and alkalinity. Torres-Ruiz and Wehr 
(2020) showed that food choice by invertebrates of autochthonous sources is crucial in 
shaded streams, yet they also highlighted the importance of detrital food sources for 
consumers. dos Reis Oliveira et al. (2020) found using linear multiple regression models 
that macroinvertebrate communities were influenced by land-use-specific allochthonous 
or autochthonous organic material, with sediment characteristics also being key 
ecological influences. Sediment may play a greater role in invertebrate composition over 
nutrient addition as shown by Davis et al. (2018). Attempting to mimic agriculture 
stressors, mesocosms were manipulated with sediment, phosphorus, and nitrogen 
additions (Davis et al., 2018). Their study found that sediment additions reduced total 
abundance, total EPT abundance and greater drift parameters (Davis et al., 2018). In 
contrast, the addition of nitrogen and phosphorus resulted in weak yet complex and 
unpredictable effects with sediment additions (Davis et al., 2018).  
It is well established that macroinvertebrates have been used as a bioassessment 
tool to determine the health and impacts of land-use changes on ecosystem integrity (e.g. 
Karr, 1987; Hawkins et al., 2000). Many groups of invertebrates have defined 
environmental limits in their respective ranges that allow for determination of pollutant 
tolerant and intolerant taxa. Stream reaches with high proportions of pollution tolerant 
taxa and low diversity are said to be impacted. Invertebrates and their response to 
periphyton nutrient content, on the other hand, are not well studied. Much of the focus in 
the literature is on aquaculture and nutritional requirements for higher trophic-order 




between urban land-use, periphyton nutrient content and biomass and invertebrate 
response in field conditions in a temperate region. 
1.3 Lake Simcoe and its Watershed 
Lake Simcoe is located in southern Ontario, Canada (44°25′N, 79°24′W) and is 
the largest inland lake (surface area 722 km2; maximum depth 42 m; mean depth 14 m) 
after the Laurentian Great Lakes (Ginn, 2011; Helm et al., 2011). The Trent-Severn 
waterway links Lake Simcoe to Georgian Bay to the northwest and Lake Ontario to the 
southeast (Helm et al., 2011). The lake consists of hard freshwater with a mixing from 
surface water to bottom twice a year and a water renewal time of 11 to 13 years (Helm et 
al., 2011; Landre et al., 2011). The lake has two bays – Kempenfelt Bay to the west and 
Cook’s Bay to the south (Figure 1.1).  
The lake is fed from the surrounding watershed of 19 municipalities (LSPRS, 
2010), which covers 2,899 km2 that consists predominantly of clays, organic soils and 
limestone bedrock (Landre et al., 2011). The population of Lake Simcoe watershed is 
estimated to be ≈ 500,000, where the majority of the population within the watershed are 
located in the City of Barrie (Pop. ≈165,000) at the west end of Kempenfelt Bay, Orillia 
(Pop. ≈ 30,000), which is located to the north of the lake beyond the outlet, Newmarket 
(Pop. ≈ 80,000) and Aurora (Pop. ≈ 55,000) which are located to the south, ≈ 22 km from 
Cook’s Bay (Statistics Canada, 2011). The watershed does see an increase of 






Figure 1.1. Map of Lake Simcoe Watershed Geographical Area showing bays, municipalities (red), major 
cities and towns and sub-watershed boundaries (green). Retrieved from EC (2015). 
 
Lake Simcoe is heavily used for year-round sport fishing and boating (Landre et 
al., 2011). It also provides a source for drinking water for seven municipalities (LSRCA, 
2015), which includes Brock (Beaverton), Georgina, Barrie, Innisfil, Bradford West 
Gwillimbury, Lagoon City, Brechin, Concord Point, Heritage Farms and Mara Shore 
Estates. The lake receives water from 35 tributary creeks and rivers, with an overall 
length of ˃ 3,950 km (Feasibility Study, 2010), groundwater, sewage treatment plant 
effluents and runoff. Six communities (Barrie, Orillia, Innisfil, Beaverton, Lagoon City 




directly into the lake, eight other communities discharge treated sewage into nearby 
tributaries (Feasibility Study, 2010).  
Land-uses in Lake Simcoe watershed (LSW) have changed considerably in the 
past few centuries, with a major settlement in the 1800s (LSPRS, 2010). Currently, 
agriculture comprises 47% of land-use. In 2006, 2,000 farms (including crop, livestock 
and cultivated marshes) generated an estimated $300 million (Feasibility Study, 2010; 
Palmer et al., 2011). The estimated economic impact of Holland Marsh, a polder located 
at the southern tip of Cook’s Bay, is $1 billion annually (Feasibility Study, 2010). 
Approximately 40% of land-use includes woodlots, wetlands and maintained non-
vegetative areas (Palmer et al., 2011). Residential and Commercial development, with 
associated infrastructure, accounts for the remaining ≈12% of land-use. However, this 
number is expected to rise (Palmer et al., 2011). 
Over the years, changes in land-use, human population and other factors have had 
a great impact on the water quality of Lake Simcoe. In the 1970s, the first indication of 
decreased water quality was the failure of recruitment of the coldwater sport fishes within 
the lake (lake trout and lake whitefish), an increase in algal growth and shoreline 
macrophytes (Palmer et al., 2011). The cause was determined to originate from an 
increase in anthropogenic inputs of nutrients, nitrogen (N) and phosphorus (P). An 
emphasis was placed on phosphorus as it was identified as a primary limiting nutrient for 
primary producers in freshwater systems (Schindler, 1974). 
From 1990 to 2008, a total phosphorus load reduction of 30% was achieved from 
over 500 environmental projects designated for agricultural and urban sources (Palmer et 




72 ± 4 tons/year in 2002 to 2007, as compared to pre-settlement loads of 32 tons/year 
(Palmer et al., 2011). This loading leads to a hypolimnetic dissolved oxygen (DO) 
concentration of 5.5 ± 0.4 mg/L, which is too low for natural coldwater fish recruitment, 
so a target value of 7 mg/L was set to restore a self-sustaining coldwater fish community 
in Lake Simcoe (LSPP, 2009). Current models suggest that in order to achieve this DO 
target concentration, an annual phosphorus load of 44 tons/year is needed – this loading 
is 40% less than the current (2002-2007) estimate (LSPRS, 2010). The phosphorus load 
from urban areas is ≈ 22 tons/year above the natural background level (LSPRS, 2010). 
1.4 Research Objectives and Rationale 
 
The overarching objective of this research was to assess the relative inputs and 
biological impacts of nutrients in LSW tributaries across a land-use gradient that 
delineates urban, agricultural, and natural land-cover subwatersheds. Specifically, I 
wanted to determine if lotic water quality and biotic communities found in urbanized 
subwatersheds differed from other land-use categories, and what influence urban land-use 
has on Lake Simcoe water quality via tributary inputs. Most research in the watershed 
over the last decade has gone into understanding how the lake has responded to changes 
in nutrients related to mitigation of agricultural nutrient sources. Nutrient sources from 
urban areas are not well understood, however, it is known that approximately 31% of P is 
coming from urban tributaries. Thus, the impact of urban-sourced nutrients on water 
quality and biotic communities required further investigation.  
Following this overarching objective, three dominant gaps exist in the literature as 
they relate to LSW tributaries. The first gap centers around nutrient sources from urban 




compared to reference and agriculture land-uses. Furthermore, if a source of these urban 
nutrients could be from cosmetic fertilizer application. The second gap addresses the 
availability of these nutrients (from various land-uses) to primary producers, namely 
periphyton. Finally, the third gap focuses on the benthic invertebrate response to 
periphyton biomass and nutrient content. These gaps were converted into questions and 
explored in Chapters 2 through 4. 
1.4.1 Chapter 2 – Community Survey 
Chapter 2 explores cosmetic fertilizer application by household residents in the 
LSW, and how this lawn maintenance practice relates to their environmental attitudes and 
values. The methodological approach used in this chapter involved a community survey 
of residents throughout the LSW, which focused on lawn care and fertilizer choices. 
Three main research goals of this study included: 1) establish if cosmetic fertilizer 
application is a contributing source of nutrients in the watershed, 2) determine if lawn 
care and fertilizer choices of the LSW residents are tied to views on the environment, 
motivations and/or socioeconomic factors, and 3) Based on survey findings, recommend 
a suitable approach to education and outreach that could change resident fertilizer 
application and frequency in the LSW.  
Community surveys found in the literature formed the basis of the predictions for 
my study. Despite being concerned about chemical use (e.g. Blaine et al., 2012; Fraser et 
al., 2013) and knowing the risks (Harris et al., 2013), consumers were likely to use 
fertilizers and chemicals on their lawn. Home value, having an attractive lawn, being 
older, educated and wealthier (Carrico et al., 2013) and feeling pressure from neighbours 




I predicted that individuals would be more likely to fertilize if: 1) they know the 
risks of applying fertilizer, 2) feel pressure from neighbourhood norms, 3) believe that an 
attractive green lawn adds property value, and 4) if individuals are wealthy, educated and 
older. Furthermore, due to the varying nature of humans, a one-size-fits-all outreach 
campaign would not be appropriate for the LSW.    
1.4.2 Chapter 3 – Field Study 2016 
Chapter 3 assesses the effects of land-use, season, and physicochemical effects on 
accrued periphyton biomass and taxonomic composition. The three goals identified to 
address this statement were: 1) investigate if water quality changed in response to land-
use and/or season, 2) determine if periphyton biomass accrual was driven by land-use, 
seasons, water quality and/or light availability, and 3) determine if algal taxonomic 
composition was driven by land-use, seasons, water quality and/or light availability. The 
conceptual model for this portion of the research is shown in Figure 1.2. 
It was predicted that firstly, water quality will decrease at urban land-use sites. 
Ambient amounts will be determined by reference site conditions. Secondly, periphyton 
biomass (chlorophyll a, dry weight and ash-free dry weight) will increase as a result of an 
increase in nutrient concentrations, at urban sites, and an increase in light availability. 
Thirdly, periphyton community composition will change as a result of land-use gradients 
and riparian characteristics. There should be an order of magnitude difference between 
sites in order for there to be a change in periphyton community composition. 
The work for this chapter was accomplished by completing field studies in 2016 
with landscape pavers as artificial substrates deployed at each site in three ice-free 




improvement stores and are designed in a variety of colours and sized and for a variety of 
purposes ranging from landscaping a walk-way to a driveway. 
 
Figure 1.2. Conceptual model presented for Chapter 3 – Field Study 2016 where the objective was to assess 
the effects of land-use, season and physicochemical effects on accrued periphyton biomass and taxonomic 
composition are explored. The three goals identified to answer this statement were; 1) investigate if water 
quality changed in response to land-use and/or season, 2) determine if periphyton biomass accrual was 
driven by land-use, seasons, water quality and/or light availability and 3) determine if algal taxonomic 
composition was driven by land-use, seasons, water quality and/or light availability.  
 
1.4.3 Chapter 4 – Field Study 2017 
Chapter 4 assess the effects of land-use, season and physicochemical effects on 
established periphyton biomass and nutrient content, and the impacts these parameters 
have on invertebrate composition. The three goals identified to address this statement 
were: 1) investigate if water quality changed in response to land-use and/or season, 2) 
determine if a food source (measured as periphyton biomass and nutrient content) of 
benthic invertebrates was impacted by different land-uses, seasons and/or water quality, 




measures of invertebrate abundance are tied to periphyton biomass and/or nutrient 
content. As an additional goal, aggregate measures of invertebrate were used to assess the 
ecosystem health of the LSW. The conceptual model for this portion of the research is 
shown in Figure 1.3. 
It was predicted that firstly, as with Chapter 3, water quality will decrease at 
urban land-use sites. Ambient amounts will be determined by reference site conditions. 
Secondly, as with Chapter 3, periphyton biomass (chlorophyll a, dry weight and ash-free 
dry weight) was expected to increase as a result of an increase in nutrient concentrations, 
at urban sites, and an increase in light availability. Thirdly, periphyton nutrient content 
will be high as a result of an optimal level of nutrients and light availability. Periphyton 
nutrient content will be low when light is high and nutrients are low. Periphyton nutrient 
content will be considered high with low proportions of C:N and C:P ratios, showing that 
periphyton N and P contents are greater as compared to high ratios of C:N and C:P. Low 
ratios of N:P are also considered as high nutrient content as compared to high ratios of 
N:P. Thirdly, invertebrate community abundances, species richness and diversity will be 
lowest at sites with increasing land-use intensity, low periphyton biomass, and low 
periphyton nutrient content. Additionally, highly impacted sites (greater land-use 
intensity) will have the highest proportions of pollution tolerant species and lowest 
diversity. 
The work for this chapter was accomplished by conducting field studies in 2017. 
The field sites remained the same from 2016, however established periphyton and 
invertebrate communities were sampled from naturally occurring substrates found at each 





Figure 1.3. Conceptual model presented for Chapter 4 – Field Study 2017 where the objective was to assess 
the effects of land-use, season and physicochemical effects on established periphyton biomass and nutrient 
content and the impacts these parameters have on invertebrate composition. The three goals identified to 
address this statement were; 1) investigate if water quality changed in response to land-use and/or season, 
2) determine if a food source (measured as periphyton biomass and nutrient content) of benthic 
invertebrates was impacted by different land-uses, seasons and/or water quality, 3) explore interactions 
between periphyton and invertebrates to determine if measures of invertebrate abundance are tied to 
periphyton biomass and/or nutrient content. As an additional goal, aggregate measures of invertebrate were 
used to assess the ecosystem health of the LSW. 
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CHAPTER 2 – EVALUATION OF RESIDENTIAL COSMETIC FERTILIZER 
USE AND ASSOCIATED ENVIRONMENTAL ATTITUDES IN THE LAKE 
SIMCOE WATERSHED 
2.1 Introduction 
 Land-uses have direct and indirect impacts on aquatic systems. Water quality and 
quantity, which are important drivers of ecosystem structure and function, can be 
impacted by inputs from various land-use types. These impacts can accumulate as water 
flows downstream to a Lake or other reservoir (Vannote et al., 1980). As original land-
cover (including vegetation) and agricultural lands are converted to urbanized landscapes, 
there is a need to better understand and quantify inputs to urban tributaries (Groffman et 
al., 2004). This is because non-point source nutrients will only continue to rise (Roberts 
et al., 2009), especially from areas undergoing urban development. This is particularly 
true for nitrogen (N) and phosphorus (P) in the Lake Simcoe watershed (LSW). 
It is approximated that 56% of excess P reaching Lake Simcoe originates from 
tributaries, where ≈ 25% originates from rural and agricultural sources, and ≈ 31% from 
urban runoff and stormwater (LSPRS, 2010). Much work has gone into identifying the 
sources of P from agricultural lands as well as reducing these loads through voluntary 
participation in programs that combine education and incentives (e.g. Landowner 
Environmental Assistance Program (LEAP) and the Canada-Ontario Environmental Farm 
Plan (EFP)) (LSPRS, 2010). The non-point sources of P from urban runoff and 
stormwater have not been well identified and quantified in the LSW. This presents a gap 
in the understanding of the role that urban tributaries play in N and P input to Lake 
Simcoe. Through furthering our understanding of nutrient sources and their impact in 





A proposed source of excess nutrients in urban Lake Simcoe tributaries is 
cosmetic fertilizer application. Fertilizer application to residential lawns by individual 
land owners and residents has received much attention recently from scientists and 
concerned citizens. Martini et al. (2015) identified three reasons for this: 1) increase in 
urban development, which means an increase in lawn area, 2) increase in fertilizer 
application quantity and frequency, and 3) nutrients found in fertilizer can pose a 
substantial risk to aquatic ecosystems. As part of lawn care and management, fertilizer is 
applied to turf grass or lawns by individuals, landscaping companies, and golf courses (to 
name a few) for maintenance and appearance. When the appropriate turf grass species are 
selected and maintained, grass from lawns can prevent flooding and erosion, provide an 
aesthetic appeal and improve air quality in urban areas (Kakuturu et al., 2013). However, 
grasses are generally not hardy plants and can be easily susceptible to disease, pests, and 
soil problems, which can lead to turf death.  
A negative consequence of lawn management and fertilizer application includes 
impairment of the grass ecosystem as well as nutrient runoff and/or leachate that enters 
surface and/or ground water (Cheng et al., 2014). The primary issue for water quality 
with respect to poor lawn management is nutrient loss from the turf ecosystem. An 
increase in nutrient loss can result from two factors; 1) excess frequency and application 
of fertilizer; and 2) increase in irrigation and/or heavy precipitation. Both factors are tied 
to soil type and nutrient form. Given this issue, it is important to gain insight on lawn 
care and fertilizer application choices and rationale by urban residents. Individual scale 




population greater than 500,000 has potential to incur negative impacts to the freshwater 
tributaries in the LSW (Ward et al., 2014).  
Residential turfgrass lawns represent a financial investment, social commitment 
and reflect personal character (Blaine et al., 2012). There is also strong normative 
pressure to uphold the standards set out by neighbourhoods and neighbours, so much so 
that consumers report using fertilizer, even though they are concerned about it (Blain et 
al., 2012). Nielson and Smith (2005) highlighted that in order to encourage positive 
environmental behaviour, the social pressure of neighbours on the appearance on the 
neighbourhood needs to be addressed and changed. Harris et al. (2013) found a positive 
correlation between knowing the risks of use and using fertilizer and pesticides. Fraser et 
al. (2013) also noted that individuals applied chemical fertilizer as a form of landscaping 
despite being aware and concerned about the environmental hazards. Carrico et al. (2013) 
found that individuals who applied fertilizer tended to be older, more educated and 
wealthier, where fertilizer application was significantly related to the perception that a 
lawn adds value to the home and belief that a green lawn reflects positively on the 
resident. 
These studies highlight the conflicting nature between yard maintenance and 
environmental responsibility. Retrofitting existing pipes to filter runoff at the stormwater 
pipe is expensive and does not capture all of the pollutants and nutrients. It is now 
becoming essential to understand the factors that affect land owner and resident decision 
making on lawn care choices. The best and most effective way to do this is through 
community surveys. Through appropriate and effective questions, surveys can gather a 




the reasons and motivations behind behaviour choices. Understanding the reasons behind 
lawn care and fertilizer choices will assist in productively spending limited resources for 
the generation and implementation of best management practices and effectively 
addressing non-point source pollution (Brehm et al., 2013).  
There is limited information concerning cosmetic fertilizer use in Ontario and its 
potential impacts on freshwater. Therefore, in order to properly address this as a source of 
nutrients in urban tributaries, a community survey was developed to better understand 
cosmetic fertilizer application as a source of nutrients in the LSW. Four goals were 
proposed for the survey: 1) describe the sample population; 2) examine gender 
differences on environmental views and lawn care and fertilizer choices; 3) explore the 
environmental views of the residents of the LSW and determine if any views are related 
to lawn care and fertilizer choices; and 4) determine any factors that are associated with 
individuals that regularly fertilizer their lawn, and if we can predict who is likely to 
regularly fertilizer. To add to this, I want to know if a one-size-fits-all education and 
outreach program will work in the LSW. By understanding how people view their 
environment and if/why they choose to apply fertilizer, this will assist in allocating 
targeted resources for outreach and education.  
The research presented here is a novel approach to understanding sources and 
patterns of non-point source nutrient pollution in urban areas. In particular, it offers new 
data on environmental views and how they may be associated with lawn care and 
fertilizer choices for the LSW. Survey findings from the LSW will add to the growing 
body of field data and literature aimed at determining potential origins and concentrations 





2.2.1 Survey Instrument and Procedure 
 
A private and anonymous online survey was developed using LimeSurvey, which 
is open-source survey software where researchers can develop, deploy and export surveys 
and associated data.  Participants were recruited through Survey Sampling International 
(SSI) because they have established panels in the target area and they specialize in 
random sampling methodology over a range of modes (for example, telephone and 
online). SSI codes the personal information of the participants and provides participants a 
link to the community survey so the survey remains anonymous and voluntary. The 
community survey was approved by the Ontario Tech U Research Ethics Board on 
December 10, 2015 (REB #15-041) and was designed to require approximately 10 to 18 
minutes to complete. The survey was deployed during the winter of 2016 where 398 
respondents made it to the final page of the survey however 189 to 426 respondents 
completed questions depending on the level of responses. 
2.2.2 Survey Components 
 
The community survey in its entirety can be found in Appendix A.1. The 
community survey consisted of three sections: 1) environmental attitudes, 2) lawn care 
and fertilizer choices, and 3) socioeconomic factors. Environmental attitudes were based 
on established environmental assessment index (EAI) scales from Milfont and Duckitt 
(2010). This section was included to explore how the residents of the LSW view their 
environment and if these views are tied to their lawn care and fertilizer choices. Each 
scale consisted of five items on a 5-point Likert scale ranging from 1 (strongly agree) to 5 
(strongly disagree). The first scale described conservation motivated by anthropogenic 




in its own right. The second scale described altering nature for human right versus nature 
preservation. The final scale described an absence of concern over environmental damage 
versus ecocentric concern, where concern is present over environmental damage. 
Lawn care and fertilizer choices were based on cognitive and affective/motivation 
measurements from Martini et al. (2015). Cognitive measures described beliefs, norms 
and the ability to apply fertilizer. Affective measures described feelings, values, emotions 
relating to motivations and environmental concern for one’s actions. Socioeconomic 
factors described various demographic parameters including, estimated annual household 
income, age, gender, rural or city postal, highest education completed and length of time 
living at their residence. These parameters were collected and used to analyze the 
responses for trends and commonalities in the sample population.  
2.2.3 Statistical Analysis 
 
Community survey data were analyzed using Statistical Package for the Social 
Sciences (SPSS, IBM v. 25). To record responses, a variety of close-ended questions 
were used that included, anchored 5-point Likert scales, dichotomous choices and 
selecting from a category list. In Appendix A.2, Table A2.1 displays the EAI scales and 
items and Table A2.2 displays the dependent and independent variable descriptions used 
in subsequent analyses. The primary response parameters explored were 1) the sum of 
each EAI scale and 2) whether a respondent identified as a regular lawn fertilizer. This 
latter outcome variable was chosen because regular fertilizers would be the target for any 
education and outreach campaigns. 
Prior to analysis, EAI scales were factor analyzed, based on Principal Component 




determined that based on a sample size of 361, item numbers and statements 2, 8 and 9 
(see Table A2.1) were not on the appropriate component for their scale so were removed 
from EAI interpretation. Considering the removal of these three items, the sums for each 
EAI scale ranged from 4 to 20 for scale 1, 3 to 15 for scale 2 and 5 to 25 for scale 3. 
Items in scale 3 were reverse coded prior to any analyses in order to align with the 
direction of scales 1 and 2. 
Seasonal frequency of fertilizing the lawn was re-coded to obtain an ordinal 
response from 0 (low frequency fertilizing) to 1 (moderate) to 2 (high). This was based 
on the sum of the original statement that asked respondents about their frequency of 
fertilizing during each season, Spring, Summer and Fall with an ordinal choice from 0 
(never) to 1 (occasionally) to 2 (usually). A sum of 0 to 2 was coded as 0 (low 
frequency), a sum of 3 to 4 was coded as 1 (moderate frequency) and a sum of 5 to 6 was 
coded as 2 (high frequency).  
2.3 Results 
2.3.1 Sample Population 
Survey responses were represented throughout the watershed (Figure 2.1) with 
higher response rates of the 398 completed surveys from Newmarket (8%), Barrie (15%) 
and Orillia (8%). Overall, 49% of respondents reported a city postal code, 68% of 
respondents identified as being 45 years of age or older, 60% identified as female and 
56% completed high school or college. The estimated annual household income reported 
was fairly consistent across categories, however was highest for $45,000-$59,999 at 15% 





Figure 2.1. Lake Simcoe watershed area with postal code delineation (CP, 2016). The increasing red within 
the circles indicates an increasing percentage of response rate from that postal code. Higher response rates 
were from urban areas – Barrie, Newmarket, Aurora and Uxbridge. Light red indicates 1-2% response rate, 
medium-light indicates 3-4% response rate, medium-dark indicates 5-8% response rate and dark red 
indicates 16% response rate. 
 
Only 33% of respondents correctly selected that stormwater flows to a nearby 
body of water. This indicates that the majority of respondents do not fully understand the 
fate of stormwater in their neighbourhood where 32% selected that stormwater goes to a 
water treatment plant and 34% selected they do not know.  
Respondents believed that their neighbours value nice lawns (88%) and their 
neighbours fertilize (82%), however 73% of respondents selected neutral or some level of 
disagreement for the statement: ‘My neighbours think I should fertilize my lawn this year’, 




fertilize their own lawns. The sample population does show concern for nearby waters in 
the LSW and Lake Simcoe (mean; standard deviation, 13.58; 6.31) with elevated 
frequencies for concern centering on the health of aquatic life, swimming, edible fish, 
source for drinking water and sufficient water for future generations (Figure 2.2).  
 
Figure 2.2. Stacked bar plot showing each statement respondents were asked about their level of concern 
for nearby waters. The sample population tended towards concern for nearby waters (mean; standard 
deviation, 13.58; 6.31).  
 
Greater than 96% of the sample population said they had a lawn. Of those 
individuals, 42% indicated they regularly fertilize their lawn where 44% indicated pets 
use the lawn (may provide some indication of pet waste on the lawn) and 45% indicated 
children use the lawn. The majority of respondents (62%) are low frequency seasonal 
fertilizers, when spring, summer, and fall are considered together. The highest frequency 
of fertilizer application was during the spring where 39% stated they usually fertilize. 
Over one third of respondents (37%) selected at least one best management practice 





Figure 2.3. Stacked bar plot showing each statement respondents were asked about the best management 
practices they used when their lawns are fertilized. The best management practice most selected was 
‘Never over apply fertilizer’. Respondents could select all that were applicable. 
 
2.3.2 Gender Differences 
Women tended to disagree to altering nature as a human right (U = 14,402, p = 
0.01), although it appears that one statement was driving the significant difference 
between the genders – ‘I’d much prefer a garden that is well groomed and ordered to a 
wild and natural one’ (Table A3.1). Men tended to be neutral towards this statement 
while women tended to disagree. Women also tended to disagree to having an absence of 
concern over environmental damage (U = 13,597, p = 0.002; Table A3.2). For three of 
the five items, women tended to strongly disagree, whereas men tended to disagree.  
Women had a significantly higher level of agreement that fertilizing could result 
in water pollution ((U = 10,040, p = 0.001), higher level of disagreement to having an 
attractive lawn is very good (U = 12,415, p = 0.040) and lower level of concern for 




would appear that approximately 33% of women tended to strongly disagree to concerns 
for nearby water which impacted the mean rank compared to men. 
 
Figure 2.4. Population pyramid showing the frequency of females (blue) and males (red) that have high 
concern (lower values) through to low concern (higher values) for environmental concern related to nearby 
water and Lake Simcoe. Mann-Whitney U-Test showed a significant difference between females and males 
(U = 11,721.500, p = 0.048). Females tended to show concern for nearby waters. 
 
2.3.3 Environmental Assessment Index Scales 
For the EAI scales, the sample population (mean; standard deviation) tended 
towards neutral for conservation motivation for anthropogenic concern (11.71; 3.73) and 
altering nature for human rights (8.82; 2.78), while the sample population tended to 
disagree to the absence of concern over environmental damage (20.56; 5.28). 
Respondents that tended to agree that nature and the environment have value in their own 
right also tended to be neutral or in disagreement to having an attractive lawn is very 




The second scale, altering nature for human right versus nature preservation, had 
the most relationships with lawn care and fertilizer choices. Respondents that tended to 
agree with altering nature for human right tended to 1) be regular fertilizers (rpb = -0.16, p 
= 0.003, N = 344), 2) believe their neighbours value nice lawns (U = 4,239, p = 0.003, N 
= 347), 3) strongly agree that fertilizing could result in an attractive lawn (X2(4, N = 317) 
= 34.1, p = 0.00), and 4) strongly agree that fertilizing could produce a greener lawn 
(X2(4, N = 326) = 36.2, p = 0.00). On the other hand, respondents that tended to agree 
with nature preservation tended to 1) strongly agree that fertilizing could result in water 
pollution (X2(4, N = 328) = 9.9, p = 0.042), 2) be neutral or in disagreement to having an 
attractive lawn is very good (X2(4, N = 342) = 52.8, p = 0.000), 3) strongly disagree that 
fertilizing could produce a greener lawn (X2(4, N = 326) = 36.2, p = 0.000), 4) tend to use 
zero to two BMPs (X2(4, N = 249) = 10.2, p = 0.037) and 5) it being more difficult to 
fertilize in 2016 (rs (N = 262) = 0.30, p < 0.01). Respondents that tended to agree to an 
absence of concern over environmental damage tended to be regular fertilizers (rpb = -
0.11, p = 0.045, N = 343) whereas those that tended to have a presence of concern over 
environmental damage tended to agree that fertilizing could result in water pollution 
(X2(4, N = 322) = 31.9, p = 0.000).  
2.3.4 Factors Associated with Respondents Who Regularly Fertilizer Their Lawn 
 
Respondents who identify themselves as regular fertilizers tend to be moderate 
seasonal fertilizers (Figure 2.5) and practice at least one BMP (Figure 2.6). Although 
weakly associated, regular fertilizers, 1) incorrectly identify the fate of water entering 
stormwater drains (X2(2) = 7.147, p = 0.028, Cramer’s V = 0.145, N = 338), 2) feel 
normative pressure from neighbours through (a) neighbours value nice lawns (X2(1) = 




neighbours fertilize (X2(1) = 6.444, p = 0.011, N = 214, with Cramer’s V = 0.174, p = 
0.011) and finally 3) have more education (X2(3) = 12.166, p = 0.007, N = 316, with 
Cramer’s V = 0.186, p = 0.007) and higher estimated annual household income (X2(7) = 
15.757, p = 0.027, N = 290, with Cramer’s V = 0.233, p = 0.027). 
 
Figure 2.5. Clustered bar graph for not regular (blue) and regular fertilizers (red) with seasonal fertilizer 
frequency as determined by summing the frequency of fertilizing during spring, summer and fall seasons 
and categorizing them into low, moderate and high. A strong association was identified between regular 
fertilizers and frequency of applying fertilizer (X2(2) = 147.11, p = 0.000, Cramer’s V = 0.715, N = 288). 
 
 
Only 28% of regular fertilizers correctly identified nearby water for the fate of 
stormwater water while 42% of regular fertilizers selected water treatment plant. 
Approximately, 93% of regular fertilizers indicated that their neighbours value nice lawns 
and 89% indicated their immediate neighbours fertilize. The majority of regular fertilizers 
completed high school and equivalent (29%), trades and colleges (32%) or a bachelor 
degree (29%) however there is not a solid trend between education and regular fertilizers. 




household income of $75,000 or greater, whereas 60% of not regular fertilizers have an 




Figure 2.6. Clustered bar graph for not regular (blue) and regular (red) fertilizers with the number of best 
management practices (BMPs) selected. Respondents were presented with a list of four BMPs and could 
select none and up to all of them. BMPs included: a) maintain a non-fertilized area near driveway and 
sidewalks, b) sweep up fertilizer from driveways and sidewalks, c) never over apply fertilizer, and d) do not 
apply fertilizer when soil is saturated with water for at least 24 hours after rain. There was also an opened 
ended question associated with category response, and is respondents provided an appropriate fertilizing 
BMP, it counted as one selection. A strong association was identified between regularly fertilizing and 
number of BMPs selected where regular fertilizers tended to select at least one BMP (X2(2) = 33.940, p = 
0.000, Cramer’s V = 0.378, N = 238). 
 
 
2.3.5 Predicting Fertilizer Application 
A binomial logistic regression was used to predict the likelihood that a respondent 
regularly fertilizes their lawn (Table 2.1). The predictors that did not provide good 
significant cross-tabulation chi-square results were not included in the model because the 
number of respondents was insufficient to accommodate all independent variables 




Ease and Fertilizing could = Green Lawn), education, estimated annual household 
income were included in the model. This means that ease of fertilizing, greener lawn, 
total BMPs selected, environmental concerns, pets, children, age, gender, postal code, 
length in home were removed.  
The logistic regression model was statistically significant, X2(30, N = 112) = 
57.5, p = 0.002. The predictors explained 54% (Nagelkerke R2) of the variation in 
whether the respondents’ lawn was regularly fertilized and correctly classified 74% of 
cases. The model produced three significant (set at 90% confidence interval) individual 
predictors.  
The statement – ‘fertilizing my lawn this year could result in water pollution’ 
provided a significant result (p < 0.05). The odds that a respondent was a regular fertilizer 
was 45 times more likely (95% CI: 2.49-891.47) if they selected neutral rather than 
strongly disagree. Also, the odds that a respondent was a regular fertilizer was 15 times 
more likely (95% CI: 1.01-224.54) if they selected disagree to this statement rather than 
strongly disagree. Furthermore, the odds that a respondent was a regular fertilizer was 20 
times more likely (95% CI: 0.73-549.34) if they selected an estimated annual household 
income of $75,000 to $99,999 as compared to selecting an annual household income of 

















Table 2.1. Binary logistic regression results showing relevant cognitive and socioeconomic variables on the 
likelihood that respondents regularly fertilized their lawns (N = 112). The omitted variables are shown with 
a ‘-‘. The odds ratio and associated standard error (S.E.) are shown. In the event there were multiple levels 
of predictor variables, if all were not significant, the first level odds ratio and S.E. are shown, or if one or 
more levels were significant, those are shown. The constant for the model is shown, as is the pseudo R2, 
presented as Nagelkerke R2, and the overall percent of correctly predicted. Note: * = significant at 90% 
confidence interval, ** = significant at 95% confidence interval, *** = significant at 99% confidence 
interval. 




Where does storm water go?  
Immediate neighbors fertilize lawn 
Neighbors value nice lawns 
My neighbors think I should fertilize my lawn this year 
I plan to fertilize my lawn this year 
It will be easy for me to fertilize my lawn this year 
It is likely that I will fertilize my lawn this year 
Ease of Fertilizing lawn in 2016 
Fertilizing could = attractive lawn 
Fertilizing could = water pollution 
  (Neutral) 
  (Disagree) 
Fertilizing could = greener lawn 
       Attractive lawn is very good 

































Affective Components and Motivations 














Household Income ($75,000 - $99,999) 
Gender 
Rural or City postal code 















Constant 1.189 1.968 
Nagelkerke R2 54.2 
74.1 Percent Correctly Predicted 
 
2.4 Discussion and Conclusions 
The community survey successfully garnered a sizable and representative sample 
population to achieve my study goals of 1) describing the sample population, 2) 
examining gender differences, 3) exploring environmental views, and 4) assessing 
underlying attitudes associated with fertilizer practices. Considering the high percentage 




that increased nutrient input from urban sources in the LSW are likely due to cosmetic 
fertilizer inputs. By extrapolating survey results to the estimated number of individuals 
that live year-round in the watershed, this would translate into approximately 210,000 
individuals that regularly fertilize their lawns. This number is expected to rise due to the 
increase in development throughout the watershed. 
Just over one third of residents that regularly apply fertilizers already identify as 
using at least one best-management practice. Of these respondents, the majority said that 
they do not over apply fertilizer. This is excellent for the watershed because if true, 
41.1% of respondents that fertilize their lawns are only applying fertilizer according to 
the package direction and/or required by their lawn. However, this BMP is somewhat 
subjective as some individuals may not read the package for instructions and/or may not 
conduct soil testing to determine the appropriate amount of fertilizer to apply to their 
lawn. Furthermore, as found by Cheng et al. (2014), even when the correct amount of 
fertilizer is applied to the lawn, excess irrigation/precipitation can promote nutrient loss. 
The likelihood of complying with additional reductions or change in fertilizer 
application behaviour is unknown. Using at least one BMP indicates that LSW 
respondents are open to implementing BMPs for lawn care. However, it does beg the 
question, if they are using one BMP, why not use all of them? Brehm et al. (2013) used 
survey responses to investigate factors that predict adoption of BMPs in urban areas. The 
authors found that knowledge and use of BMPs were strongly correlated which highlights 
the importance of education programs (Brehm et al., 2013). If people know about BMPs, 
they may be more likely to use them. Perhaps in the LSW, survey respondents are 




Dietz et al. (2004) evaluated whether or not education could improve stormwater 
quality through adopting BMPs in one neighbourhood. Following intensive education, 
stormwater runoff improved, BMPs were adopted by homeowners, and stormwater 
nitrate (NO3-N) and bacteria concentrations decreased. Surprisingly in contrast, total 
nitrogen (TN), ammonia (NH3-N) and total phosphorus (TP) did not decrease. Dietz et al. 
(2004) did not conclude with certainty as to why these three nutrients did not change after 
education and outreach, however they do speculate that it could be a result of unchanged 
contributions of driveways and roadways. The authors cite that the contribution of TP 
from impervious surfaces were the primary sources of TP due to the higher volume of 
runoff relative to runoff from lawns (Dietz et al., 2004). Although on a smaller scale 
compared to the LSW, this study offers evidence that education efforts can work to 
reduce nutrients driven by human attitudes and behaviour. Martini and Nelson (2014) 
found that individuals with higher instrumental knowledge seem to understand the lawn 
to ecosystem connection, and followed suggested lawn management practices. The 
authors point out that knowledge matters, even if it is basic knowledge. 
In my study, fertilizer application and frequency were associated with cognitive 
components focusing on statements surrounding attractive lawns, views on neighbour 
lawn care choices, and lack of or disagreement to consequences of water pollution as a 
result of fertilizing. What is concerning is that almost half of respondents either strongly 
agreed or agreed that having an attractive lawn is very good. This belief may result in 
individuals fertilizing their lawn even though they understand the potential negative 
consequences of those actions. It also may indicate that the image of a perfect, freshly 




fertilizer application was significantly related to 1) the perception that a lawn adds value 
to the home, 2) personal importance on having a full green lawn and 3) belief that a green 
lawn reflects positively on the resident. Perhaps if this image of a turf grass lawn can be 
adjusted through education to show that other ground covers can produce an attractive 
lawn, it will also have the added benefit of requiring less nutrient and water application.  
The role that normative pressures played in the LSW were not as strong as shown 
in other studies (e.g. see Nielson and Smith, 2005; Blain et al., 2012). The majority of 
LSW respondents recognized that their neighbours values nice lawns (87.8%) and that 
they believe they fertilizer (81.6%), yet 72.6% of respondents selected neutral or some 
level of disagreement for the statement: ‘My neighbours think I should fertilize my lawn 
this year’. This implies that respondents may not feel the normative pressure from their 
neighbours to fertilize their own lawns. It does appear that either regular fertilizers are 
more likely to indicate that their immediate neighbours value nice lawns and fertilize or it 
indicates that regular fertilizers are more likely to be surrounded by other fertilizers.  
Fraser et al. (2013) assessed the effect of neighbourhood governance on lawn 
fertilization practices, and showed that more fertilizer was applied with higher 
neighbourhood cohesion, and the oversight of a legal entity such as a homeowner’s 
association. Nielson and Smith (2005) highlighted that in order to encourage positive 
environmental behaviour, the social pressure of neighbours on the appearance of the 
neighbourhoods needs to be addressed and changed. Furthermore, Martini et al. (2015) 
showed that belief (i.e. consequences, attractive lawn, norms, ability to fertilizer and 
knowledge of stormwater) was a significant factor that influenced fertilizer behaviour.  




planning where 57% of respondents claimed to not know where the water in storm drains 
go, and only 15% correctly indicated that the water empties into a nearby stream. 
For the LSW, 33% correctly identified the fate of stormwater and 34% claimed to 
not know where stormwater goes. Although not directly related to whether an individual 
is a regular fertilizer applicator, these knowledge gaps for the LSW highlight the 
importance of outreach and education. This is especially important because individuals in 
the LSW community survey were more likely to regularly fertilize if they were neutral or 
disagreed that fertilizing could result in water pollution. Furthermore, more than 60% of 
“not regular fertilizers” agreed to some extent that fertilizing could result in water 
pollution. Knowledge of the consequences may have some impact on choosing to not 
apply fertilizer. This demonstrates that some respondents may not be aware of the 
consequences that happen in the water as a result of actions on land. Despite these 
knowledge gaps and lack of awareness, Martini et al. (2015) noted that beliefs, such as 
those previously discussed, can be targeted and modified with education and outreach.  
Fertilizer application and frequency were not associated with affective 
components (i.e., whether pets or kids use the lawn) with the LSW respondents. 
However, 44% of the individuals that said they had a lawn, indicated that pets use the 
lawn which may be relevant for P management. Hobbie et al. (2017) found through 
comparing N and P input-output budgets in urban watersheds, that N and P may require 
different management approaches. N should be managed through household fertilizer 
application and P management should focus on both fertilizer use and dog waste (Hobbie 
et al., 2017). There is an opportunity to target fertilizer and dog waste management 




streets may need structural BMP implementation to reduce and retain water on residential 
and commercial properties. 
Another key finding from the LSW community survey was that fertilizer amount 
and frequency of application were not strongly associated with socioeconomic variables. 
In contrast to other studies, annual household income in the LSW was weakly associated 
with respondents that regularly apply fertilizer. Carrico et al. (2013) found that of 
individuals sampled, 48% applied fertilizer and those individuals tended to be older, more 
educated, and wealthier. Blaine et al. (2012) found that the use of a lawn care company 
was associated with household income, and Fraser et al. (2013) showed that more 
fertilizer was applied with higher house price (a measure of income in their study). 
Brehm et al. (2013) also found that income was related to BMP use so they suggest that 
any outreach programs should implement approaches of varying costs. 
Finally, gender did not play a role in determining if an LSW respondent was a 
regular fertilizer. This was also the case for Blaine et al. (2012) where gender did not 
determine the choice to apply chemicals (including fertilizers, insecticides and weed 
killers) to the lawn however Martini et al. (2015) found that men had a higher predicted 
fertilization frequency. Gender differences were evident in how LSW respondents view 
their environment. Women tended to understand the consequences of fertilizing, not 
place more importance on having an attractive lawn and have less concern for local 
waters. This latter point is interesting as it does not necessarily align with the results of 
the EAI scales. It would be expected that women may show more concern for nearby 
water. Nonetheless, these differences between the genders could impact outreach and 
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CHAPTER 3 – WATER QUALITY AND PERIPHYTON COMMUNITY 





Changes in water quality and quantity due to changing land-use and land-cover in 
watersheds can incur significant effects to ecosystem structure and function in receiving 
waters. Water quantity and water quality can change dramatically in urban watersheds 
experiencing increased land development (e.g., roads, subdivisions and commercial 
parking lots). Increased impervious surface cover from development reduces stormwater 
infiltration on the urban landscape, causing increased stormwater run-off and associated 
erosion from higher run-off volumes. With increased erosion, comes higher 
concentrations of suspended particulate matter in run-off, which is a major source of 
turbidity and nutrients in urban creeks and rivers (Tsihrintzis and Hamid, 1997). As more 
original vegetation and agriculture change to urbanized landscapes, there is a need to 
better quantify pollutant delivery to tributaries and any subsequent impacts (Groffman et 
al., 2004), because non-point source nutrients entering tributaries will only continue to 
rise (Roberts et al., 2009). 
This is especially true in the Lake Simcoe watershed located in southern Ontario, 
Canada. The watershed consists of 19 municipalities (LSPRS, 2010) and covers 
approximately 2,899 km2 (Landre et al., 2011). Lake Simcoe and its surrounding land has 
proven to be a major asset and important resource to Ontario because agriculture impact 
is estimated at $300 million annually plus an additional $1 billion from Holland Marsh 
annually and tourism has generated approximately $200 million annually with 50% 




approximately 500,000 people (Statistics Canada, 2011) with a 10% increase of cottagers 
during the summer months (LSEMS, 2008). Currently, the majority of the land in the 
watershed is used for agriculture (≈47%) with natural and maintained areas accounting 
for ≈40% (Palmer et al., 2011). Residential and commercial development comprises the 
remaining ≈12% of land-use, however, there are major development projects occurring in 
higher population densities, namely, Newmarket and Aurora to the south and near Barrie 
to the east (Palmer et al., 2011).  
LSW is considered a watershed in transition (Oni et al., 2015) and an urbanizing 
basin (Bazinet et al., 2010). Human population growth in the LSW is predicted to 
approximately double through the year 2031 (MAH, 2019), which, as Trenouth et al. 
(2013) conclude, could translate into construction of approximately 2000 new homes 
each year. Along with increases in dwelling units, will come an increase in urban 
infrastructure and associated impervious surfaces. Therefore, a key research objective of 
this thesis is to determine the contribution of urban land-use to nutrient loadings in the 
LSW. This is especially important to understand in the LSW because the predicted 
increase in urban development will likely increase surface water pollution, which is in 
direct conflict with mandated (i.e., Lake Simcoe Protection Act) water quality 
improvement in Lake Simcoe.  
Lake Simcoe has been and still is extensively monitored for nutrient 
concentrations. However, there is still the issue of excess phosphorus reaching the lake. 
Tributaries contribute approximately 20 – 50% of total phosphorus load to the Lake 
(Winter et al., 2002; 2007) and in recent years, research has shifted to tributaries to better 




concerning urbanization impacts in LSW tributaries have focused on 1) hydrological 
modelling to assess phosphorus dynamics (e.g. Whitehead et al., 2011) and impacts of 
climate change (e.g. Oni et al., 2014), 2) phytoplankton/seston communities to evaluate 
phosphorus availability (e.g. North et al., 2013) and 3) invertebrate communities to assess 
impacts of urbanization (e.g. Bazinet et al., 2010; Roy 2019). A knowledge gap exists 
concerning urbanization impacts on nutrients and water quality that in turn can impact 
periphyton growth and community structure. To properly assess these urban impacts, a 
gradient of reference to agriculture to urban land-use was established based on field site 
geology and drainage-area land-use categories.  
Periphyton communities are a key component of lotic foodwebs, serving to bring 
in energy via photosynthesis as well as play an integral role in biogeochemical cycling of 
nutrients. Due to their role as the dominant primary producers in lotic environments 
(Goodwin et al., 2009), and their ability to quickly adapt to changing abiotic (e.g. 
nutrients, light and current) conditions (Vis et al., 1998), they are ideal bioindicators of 
land-use activities. Increased periphyton growth is observed when both nitrogen and 
phosphorus are added to lotic freshwater systems, indicating that these communities may 
be limited by ambient concentrations of nitrogen and phosphorus (Lewis et al., 2011). 
Yet in shaded first-order streams, light availability and invertebrate grazing can be 
important controlling variables on periphyton growth, more so than nutrient availability 
(Greenwood and Rosemond, 2005). Nitrate and ammonium are the main forms of 
combined nitrogen readily used by periphyton to support growth, whereas dissolved 
phosphorus, particularly as phosphate, is the bioavailable form used by periphytic algae 




Aquatic life can be affected by an excess of nutrients and salinity. Nutrient 
availability in aquatic ecosystems is a major driver for determining trophic status (Long 
et al., 2014). Accumulation of nutrients in excess in tributaries has the potential to cause 
negative consequences, such as eutrophication (Long et al., 2014), harmful algal blooms 
(HABs) (Chen et al., 2012), hypoxia, and anoxia in rivers (Roberts et al., 2009). This can 
affect aquatic life production, drinking water quality, and associated economic impacts 
(Paerl, 2009). Salt concentrations are typically high in agriculture and especially high in 
urban systems. Common sources of chloride to water include: wastewater, fertilizer, 
animal waste, irrigation, industrial discharges, water softeners, domestic waste, and 
landfill leachate (USGS, 2015). Lands used for agriculture can be a source of chloride to 
receiving surface waters because salt is found in animal feed, pesticides, fertilizers, and if 
deep groundwater wells are used for crop irrigation (Mullaney et al., 2009). However, the 
primary and most prevalent source of chloride to water systems is from deicing salts 
(Corsi et al., 2010) applied to impervious surfaces. Elevated sodium chloride levels have 
been found to impact photosynthesis and/or development of new cells (Silva et al., 2000), 
diatom diversity (Porter-Goff et al., 2013), and reduce cyanobacteria chlorophyll a and 
biomass (Batterton and Van Baalen, 1971).  
This study examined the colonization of periphytic communities on artificial 
substrates across three different dominant land-use types in three different ice-free 
seasons in the Lake Simcoe watershed in Southern Ontario Canada in 2016. The 
objectives of this study were to: 1) determine if water quality changed in response to 
land-use and season 2) to determine if changes in periphyton biomass accrual 




biovolumes) were driven by land-use, seasons, water quality and/or light availability, and 
3) to determine if changes in periphyton taxonomic composition were driven by land-use, 
seasons, water quality, and/or light availability. Addressing these objectives provides 
information on the role land-use, particularly urbanization, has on water quality profiles 
over space and time in the Lake Simcoe watershed. Additionally, standardizing algal 
community accrual across seasons and the watershed provides insight on how in-stream 
habitat condition changes as a function of land-use and water quality. This research will 
ultimately decrease the knowledge gap of how periphyton are responding to urbanization 
and associated changes in water quality and will increase the understanding of nutrient 
inputs to Lake Simcoe that are originating from the tributaries.  
3.2 Methodology 
3.2.1 Site Selection and Sampling Design 
Tributary site selection was based on the Human Activity Gradient (HAG) 
approach of Bailey et al. (2007) with guidance from the Ministry of Environment, 
Conservation and Parks (MOECP) and Lake Simcoe Region Conservation Authority 
(LSRCA). Candidate sites included those close to long-term monitoring sites of LSRCA, 
the Provincial Water Quality Monitoring Network (PWQMN), and/or for the Lake 
Simcoe Protection Plan (LSPP).  
Using a similar rationale as Yates and Bailey (2010a), sites were selected or 
assigned to a land-use gradient category based on natural environment descriptors (e.g. 
surface geology, original forest cover) and the presence of human activity descriptors 
(e.g. road density, agriculture) (refer to Table 3.1). Landscape scale descriptors were 




activities were collected using GIS data and information obtained from orthoimages 
(Yates and Bailey, 2010b) assessed at each proposed site and processed with QGIS 
software (Lyon v. 2.12.1).  
Table 3.1. Specific parameters used to assess candidate field sites for land-use gradient determination.  
Land-use Gradients 
Natural Cover Categories Human Activity Descriptors 









• Basin size 
• Riparian removal 
• Open non-maintained areas  
• Road density 
• Impervious cover 
• Annual and Perennial Crops 
• Farming Type 
• Open maintained areas 
• Pastures 
 
Although the focus of the study was urban land-use, an agriculture gradient was 
included in order to compare any variations or fluctuations between urban and 
agricultural impacts. To properly determine changes in land-use on water quality and 
periphyton response, importance was placed on selecting appropriate reference sites. The 
most natural sites (i.e., least impacted) served as reference conditions (Yates and Bailey, 
2010c). Candidate reference sites were based off of sites that had less than or equal to 
10% developed land-cover and based on natural environmental features (i.e. surficial 
geology). This ensures sites were minimally impacted by land-use changes and were 
representative of the landscape.  
This selection process resulted in twelve candidate sites meeting the above 
criteria. Surficial geology was extracted for the site’s drainage basin and a classification 




geology. When candidate reference sites were analyzed by principal components analysis 
(PCA) using human activity land cover descriptors, 95% of the variation is explained 
with one principal component, road density or developed land (Figure 3.1). After 
analyzing the PCA results and relating it back to the surface geology groupings, three 
suitable reference sites emerged – WHI, BLU and HAW. 
 
 
Figure 3.1. Principal Component Analysis (top) and cluster analysis of the surficial geology (bottom) of the 
12 candidate reference sites. Candidate reference sites had less than or equal to 10% developed land (based 
on GIS information). The PCA plot explained 95% of the variance with one principal component – 
developed land. Based on the combined information, three reference sites were selected, White, Bluff and 
Hawke. 
 
The drainage basin for each potential test site was analyzed using coarse aspatial 
land cover categories (fine scale data were not available) and PCA analyses (Figure 3.2). 
From this analysis, eleven sites were selected to represent the HAGs in the Lake Simcoe 
watershed. The three reference sites along with the eleven agricultural and urban sites are 




to agriculture to urban (Figure 3.4). The flow chart, shown by Figure 3.4, depicts the 
gradient of reference sites, agriculture sites and urban sites.  
  
 
Figure 3.2. Principal Component Analysis (top) of the 22 candidate test sites. Seventy-three percent of the 
variance is explained by component 1 with the majority of the loading from Developed land (see Table 
(bottom)). While sixteen percent of the variance is explained by component 2 with the majority of the 
loading from annual crops. From combined information, 11 test sites were selected. Five sites along an 
agricultural gradient (component 2) and six sites along an urban gradient (component 1). 
 
Selecting 14 sites ensured a balance between the number of sites that could be 
realistically sampled in the watershed to represent a spatial gradient of land-use changes 
and a temporal gradient by sampling within the open-water season (spring – June, 
summer – August, and fall – October). Sampling began in May 2016. Beginning in late 




buffer areas of sites had a chance to completely thaw. Sampling in October increased the 
likelihood that fall fertilizer application (especially of quick-release inorganic) was 
captured in the biotic response on artificial substrates. Furthermore, ending in early 
October decreased the chance of freezing temperatures which can affect periphyton 
viability and growth. 
  
Figure 3.3. Google Earth image of the 14 field sites selected in the Lake Simcoe watershed across reference 
(blue circle), agriculture (yellow square) and urban (pink hexagon) gradients. Gradients were determined 
based on GIS layers, orthoimages and Principal Component Analysis. 
 
Reference Sites 
1. Whites Creek 
 2. Bluffs Creek 
 3. Hawkestone Creek 
 
Agriculture Sites  
 
 4. Mount Albert Creek 
5. Kettleby Creek 
 6. Upper Schomberg River 
 7. Maskinonge River 




 9. Lovers Creek 
10. Uxbridge Brook 
 11. Kidds Creek 
 12. Western Creek 
 13. Hotchkiss Creek 





Figure 3.4. Flow chart representing the results of the human activity gradient analysis. Site names are 
represented by the lotic systems they are found in or close to. The three gradient categories are shown 
across the top – Reference, Agriculture, Urban. Sites located at the top to the bottom of the flow chart 
represent the best to worst (Reference sites), or least proportion to most proportion of the respective 
drainage basin (Agriculture and Urban sites). 
 
3.2.2 Field Data and Water Sample Collection 
At each site visit, landscape paver deployment and collection, the physical 
environment was described and recorded and physicochemical parameters were collected. 
Table B1.1 (in Appendix B.1), shows each physicochemical parameter and the rationale 
for measuring them. Canopy cover was estimated by looking up at the canopy at the 
sampling location and the percent of light not available to the surface water was recorded. 
The full path of the sun was considered, as well as any obstructions (such as bridges). 
Light loggers were deployed in stream during all seasons at two reference sites (WHI and 
HAW), one agriculture site (USC) and two urban sites (UXB and WES), representing 
each broad type of riparian cover (deciduous and evergreen). Light intensity (lux) was 
recorded by the loggers every five minutes. Daily lux means and cumulative values (with 
coefficient of variation) were calculated, however only cumulative light intensity (daily 




correlated with mean light intensity in all situations. Nighttime recordings were not 
included in calculations. Discharge rates were calculated based on hydraulic head (HH), 
channel width and channel depth. A Professional Plus handheld multiparameter probe 
(YSI, Yellow Springs, Ohio, U.S.A.) was used to record surface water temperature, 
conductivity and pH. An EcoSense ODO200 handheld optical sensor (YSI, Yellow 
Springs, Ohio, U.S.A.) was used to measure dissolved oxygen (DO) and temperature at 
time of sampling. 
Water was collected with three 1-L Nalgene acid-washed bottles. Water samples 
were put on ice in a cooler and processed in the laboratory within 24 hours of collection. 
Phosphorus analysis included total phosphorus (TP) and total dissolved phosphorus 
(TDP) following a modified ascorbic acid method of Murphy and Riley (1962). For TP, 
approximately 40 to 50 mL of collected water was poured into acid-washed tubes and 
immediately placed in the freezer until analysis. For TDP, approximately 40 to 50 mL 
was filtered using vacuum filtration onto 25 mm hydrophilic nylon membrane filters with 
a pore size of 0.2 µm (GE Healthcare CA28159-721). Due to the high correlation found 
between TP and TDP, only TP was used in statistical analyses. Nitrogen samples were 
analyzed for a suite of nitrogen species including: ammonia+ammonium, nitrite, nitrate, 
and total kjeldahl nitrogen (TKN) by an accredited lab (SGS Canada Inc, Lakefield, 
Ontario). Total nitrogen (TN) was determined by summation of all nitrogen species 
measured. Table B1.2 (in Appendix B.1) shows the percent and number of samples that 
were above detectable limits for each nitrogen species during the 2016 sampling effort. It 
was not possible to run statistics on nitrite, ammonia+ammonium and TKN samples 




significantly correlated showing that TN was measuring nitrate concentrations. For this 
reason, nitrate was used in all analyses. Chloride was measured using VWR pH/ISE 
portable meter and chloride electrode. Total suspended solids (TSS) were processed using 
pre-rinsed and weighed 47mm GF/C filters, standard filtering and drying at 600C for 24 
hours, then re-weighed. To measure turbidity, collected water was shaken then poured 
into cuvettes and measured at 750 wavelength using a spectrophotometer (Genesis 10S 
UV-Vis, ThermoScientific). 
3.2.3 Coliform Bacteria Samples 
Water samples were processed and analyzed for total coliform bacteria and the 
pathogenic indicator taxon Escherichia coli. Total coliforms and E. coli were monitored 
to assess if fecal sources of contamination in tributary surface waters (e.g., animal waste, 
storm sewer cross-connection with sanitary sewers) were contributing to nutrients 
measured at each site. This is based on the fact that fecal waste is known to be a 
significant source of nutrients in surface waters (Hobbie et al. 2017). One 1-L sample was 
collected in pre-acid-washed Nalgene bottles at each site, placed on ice and processed 
upon immediately returning to the lab. The Most-Probable Number (MPN) method using 
ColiplatesTM (Bluewater Bioscience, 2016) was used to quantify both Total Coliforms 
and E. coli within 24 hours of sample collection. 
3.2.4 Deployment of Artificial Substrates for Periphyton Accrual Studies 
Five landscape pavers (25 x 11.5 x 4.5 cm; Figure 3.5) were deployed as artificial 
growth substrate at each site in spring, summer, and fall time periods. Twenty-one days 
after deployment, pavers were collected, scraped and removed from the site for cleaning 





Figure 3.5. Two views of one representative landscape paver deployed at each of the Lake Simcoe 
watershed field sites in 2016. In total, five landscape pavers were deployed at each site in May, July and 
September and were collected 21 days later in June, August and October, respectively. 
 
deployment. All scrapings were done using a PVC template (area = 13.25 cm2), 
dissecting tools and a nylon-bristled toothbrush and rinsed into sample bottles using 
reverse osmosis water. Scrapings were considered complete when all visible biomass was 
removed from the template area. Figure 3.6 summarizes the work flow of in-field 
periphyton sample collection. Each artificial substrate paver had four circular scrapings. 
Three scrapings from each paver formed one composite sample, referred to as periphyton 
slurry. The fourth circular scrape per paver was used for pooled periphyton taxonomic 
identification. With five pavers at one site, there was five replicate samples for 
periphyton slurry and one sample consisting of five scrapings for taxonomic 
identification.  
3.2.5 Periphyton Analysis 
Periphyton slurry replicates were scraped into plastic cups with screw-caps, 
placed on ice, and processed within 24hr. These samples were used to estimate 
periphyton biomass at each site. Biomass was estimated using several approaches 
including: chlorophyll a (Chla), dry weight (DW), ash free dry weight (AFDW), and 
biovolume calculation based on microscopic cell measurements. Periphyton samples for 





























Samples were fixed with 1-mL of Lugol’s iodine solution prior to storing the bottles at 
room temperature in the dark until analysis.  
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Periphyton slurry sample 
Periphyton identification sample 
Periphyton Slurry: 




• FA analysis 
Periphyton: 
Identification 
Figure 3.6. 2016 Periphyton sampling flow from field site to scraping, using artificial tiles as an 
example. Site (B) selection will be designed for land-use. Natural substrate will be collected 
perpendicular to the shore along the site transect (C). Landscape pavers (D) were completely 
submerged in water. Each paver had 4 scrapes: 3 for periphyton slurry (E) and 1 for periphyton 
identification (F). Scrapings were done with a template and rinsed with RO water. 2017 periphyton 





Periphyton slurry were vigorously shaken three times for 5 seconds to mix the 
sample. The sample was then continuously stirred to ensure the sample remained mixed 
throughout the filtering process. Depending on periphyton density, 2 – 10 mL of 
periphyton slurry were transferred to each filter using a pipette. The amount of 
periphyton slurry filtered for each analysis was recorded. After all filters were completed, 
the final volume of the periphyton slurry remaining was measured using a graduated 
cylinder and recorded.  
Periphyton slurry replicates were filtered onto replicate GF/A 25mm filters for 
analysis of Chla (1 filter) and DW/AFDW (1 filter). Filters for DW and AFDW were pre-
rinsed, dried at 600oC for 2 hours and weighed prior to filtering. Chla filters were 
wrapped in foil and stored in the freezer. All other filters were dried at 600oC for 48 
hours, then weighed, then stored in the freezer until analysis.  
Chla was extracted in 10 mL of 90% acetone for 24 hours in the fridge and then a 
7 mL subsample was centrifuged at high speed for 15 minutes. Total chlorophyll 
concentration was determined via spectrophotometry (Kirkwood et al. 1999). DW was 
calculated after filters were dried at 600oC in the oven for 48 hours. AFDW was 
calculated after the DW filters were combusted in a muffle furnace at 550oC for 2 hours.  
Periphyton taxon richness and relative abundances were measured using an 
inverted light microscope (Evos XL Core) at 560 total magnification. A minimum of 300 
individual cells were counted. Taxa were identified to lowest taxonomic resolution using 
standard identification keys (Prescott 1962; Round et al., 1992; Wehr, J.D. and Sheath 
2003). Biomass based on cell volumes were calculated by approximation of known 




3.2.6 Statistical Analysis 
In addition to descriptive statistics, 2-way ANOVAs (alpha = 0.05) were 
performed to analyze the effects that land-use, season and the interaction between land-
use and season had on physicochemical variables (TP, nitrate, chloride, discharge, 
temperature, TSS, DO, canopy cover, and pH) and periphyton biomass (Chla, DW, 
AFDW, total biomass as calculated from biovolume of identified periphyton groups). For 
significant ANOVA results, Tukeys pairwise comparisons were completed to see 
significant differences between land-use and season categories and measured parameters. 
Pearson’s correlations (r; alpha = 0.05) were used to explore the relationships between 
physicochemical variables and periphyton biomass.  
Multiple regression analysis was performed to explore the explanatory power the 
predictor variables have on the response variables. Strongly correlated predictor variables 
(r ≥ 0.70) were not used in the same model. Multiple regressions were performed on 
land-use and season categories due to the differences seen with these categories and the 
significant ANOVA results. Predictor variables included TP, nitrate, chloride, 
conductivity, pH, temperature, total suspended solids, turbidity, dissolve oxygen, canopy 
cover, discharge and velocity. Response variables included Chla, DW, AFDW and total 
algae biomass (based on cell biovolume). Cluster analysis was performed to explore the 
degree of association between the sites from all three seasons. Analyses were first 
performed on physical chemical parameters, then periphyton biomass indicators, then 
combining both abiotic and biotic parameters. Variables were log(x+1) transformed to 




Periphyton proportional data (based on cell biovolume) did not meet the 
assumptions of parametric analyses. Therefore, to explore the effect that land-use and 
season had on identified periphyton groups, Kruskal-Wallis H test was performed with 
Dunn post-hoc test and Bonferroni p-value adjustment. Relationships between nutrients 
(TP, nitrate) and light availability (Canopy) and periphyton proportions were explored 
using Spearman rank correlations (rs; alpha = 0.05).  
Detrended correspondence analysis (DCA) was performed on relative percent 
abundances of periphyton group level identifications. The length of the first DCA axis 
standard deviation was less than 3 for all seasons indicating a homogenous dataset so 
linear ordination methods were suitable (Lepš and Šmilauer, 2003). Furthermore, a 
constrained ordination technique was selected because a goal was to explore the effect 
the environmental variables have on explaining the variation in the periphyton data. 
Given the above information, redundancy analysis (RDA) was selected to explore the 
environmental variables that correlated to the relative abundance of algae groups during 
each season with Monte Carlo permutation tests (999 permutations) on the data set, the 
axes and the individual environmental explanatory variables. Highly correlated 
environmental variables (variable inflation factor ≥ 20) were removed from the data set 
prior to analysis – conductivity, velocity and turbidity. Transformation of environmental 
variables did not alter the interpretation of the RDA so these parameters were left 
original. Periphyton abundances were not Hellinger transformed because this type of 
transformation is typically employed to use linear methods on heterogenous datasets 
(Legendre and Gallagher, 2001). For better plot visualization, eigenvalues of species and 




All statistical analyses were completed using R Studio (v. 1.2.5001, R v. 3.6.1 
2019) with visuals generated in R studio and some with Microsoft Office Professional 
Plus Excel 2019 (Build 10351.20054).  
3.3 Results 
3.3.1 Water Quality 
Good water quality (in the context of a healthy ecosystem) is typically considered 
to have a profile of low suspended solids, low coliform bacteria levels, high dissolved 
oxygen, low salinity, and low nutrients. Two-way ANOVA tests determined significant 
differences between land-uses. Reference sites (i.e., least impacted sites representing 
ambient conditions) were characterized by significantly lower salinity (low chloride; 
(F(2,31) = 29.057, p < 0.0001), significantly lower nutrients (TP; F(2,37) = 7.898, p < 
0.01 and nitrate; F(2,31) = 5.096, p < 0.05), lower total coliforms and total E. coli (on 
average).  
Chloride significantly increased between land-uses irrespective of season (Figure 
3.7). There was an interaction effect between land-use and season for TP (F(4,31) = 
8.352, p < 0.0011; Figure 3.8). When land-use was isolated to explore its effect on TP, 
there was no difference in TP between agriculture and urban sites, however TP at both 
agriculture and urban sites was significantly higher than reference sites (F(2,35) = 
10.637, p < 0.0001; Figure 3.8). There was no difference in nitrate between reference and 
agriculture sites, yet nitrate was significantly higher at urban sites as compared to 
reference sites (F(2,31) = 4.210, p = 0.02; Figure 3.9). Overall, as land-use intensity 






Figure 3.7. Boxplots (top) showing average Chloride (mg/L) across the nine groups – land-use and season, 
for 2016. Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) of 
log(x+1) transformed average Chloride in each land-use category. Chloride was significantly greater at 
agriculture sites and still greater at urban sites as compared to reference sites. Difference between * shows 
significant difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are 
based on significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = 







Figure 3.8. Boxplots (top) showing Total Phosphorus (µg/L) across the nine groups – land-use and season, 
for 2016. Combine plot showing raw data (grey) with mean and standard deviation (black) of log(x+1) 
transformed Total Phosphorus in each land-use (middle) and season (bottom) category. An interaction 
effect was found when an ANOVA was performed on Land-use*Season. One-way ANOVAs were 
performed on land-use and season separately to explore the large scale effects on total phosphorus. 
Agriculture and urban sites were significantly greater than reference sites and summer sites were 
significantly greater than spring sites. Difference between * shows significant difference between pairwise 
comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 1 – way ANOVAs. 






Figure 3.9. Boxplots (top) showing nitrate (mg/L) across the nine groups – land-use and season, for 2016. 
Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) of log(x+1) 
transformed Nitrate in each land-use category. Urban sites were significantly greater reference sites. 
Difference between * shows significant difference between pairwise comparisons as calculated by Tukey 
HSD with p < 0.05 that are based on significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U 





Figure 3.10. Boxplot showing the minimum probable number (MPN) of Total Coliforms (cfu’s; top) and 
Escherichia coli (cfu’s; bottom) across the nine groups – land-use and season, for 2016. There was high 
variability for MPN of total coliforms at many land-uses and seasons. Note: 2500 cfu was set as the upper 
limit for graphing purposes, R = reference, A = agriculture, U = urban sites and S = spring, M = summer, F 
= fall. 
 
Two-way ANOVA tests also detected significant differences between seasons. 
Reference site temperatures were significantly lower than agriculture and urban sites 
(F(2,31) = 11.843, p < 0.0001), with no interaction effect of season. Urban canopy cover 
was significantly higher than agriculture sites (F(2,31) = 5.099, p < 0.01) (Figure 3.11). 
Discharge, TSS and DO were not significantly different across land-uses. Based on these 
results, water quality was lower at urban sites. When season is isolated, spring and fall 
were significantly different than summer for TP (F(2,35) = 7.416, p < 0.001) (Figure 3.8).  




< 0.0001). Fall TSS was significantly lower than spring and summer. Overall, these 
results indicate that season is not a primary driver of water quality differences across 
sites. 
 
Figure 3.11. From 2016 data, boxplots (top) of Canopy (% Cover) across the nine groups – land-use and 
season. Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) of 
log(x+1) transformed Canopy in each land-use category. Canopy cover was significantly greater at urban 
sites as compared to reference and agriculture sites. Difference between * shows significant difference 
between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – 
way ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = spring, M = summer, F = fall. 
 
3.3.2 Periphyton Biomass 
Chla, DW, AFDW and Total Biomass were not significantly different between 
land-uses and only summer DW was significantly higher than spring (F(2,31) = 3.522, p 




season are not primary drivers of periphyton biomass. This is noteworthy considering TP 
was higher at agriculture and urban sites and nitrate was higher at urban sites as 
compared to reference sites.  
Light could be a limiting factor for periphyton growth as previously indicated by 
the significantly higher canopy cover at urban sites. However, when canopy cover is 
analyzed with cumulative light intensity from the five sites where light loggers were 
deployed, there is no significant correlation (Figure 3.12a). There was a significant linear 
regression between log(x+1) transformed cumulative light intensity and log(x+1) mean 
chlorophyll a (R2adj. = 0.33, F(1,11) = 6.94,  p = 0.023; Figure 3.12b), indicating that 
with an increase in cumulative light intensity, there was an increase in  
 
Figure 3.12a. Scatterplot showing the non-significant spearman correlation between the percent canopy 
cover and the cumulative light intensity (lux) as measured from the complete logger deployment time. Data 
points include all sites where light loggers were deployed (five sites) and were functional, irrespective of 






Figure 3.12b. Scatterplot showing the significant linear regression (R2adj. = 0.33, F(1,11) = 6.94,  p = 0.023) 
between the log(x+1) cumulative light intensity (lux) and the log(x+1) mean chlorophyll a (µg/cm2). 
Cumulative light intensity was calculated based on the summation of all daytime light recordings for the 
complete deployment period. Data points include all sites where light loggers were deployed (five sites) 
and were functional, irrespective of land-use and season.  
 
chlorophyll a. This relationship was not present when seasons were analyzed separately. 
Irrespective of season, light logger data showed that daily cumulative light intensity 
(Figure 3.13a) was overall greater for the two reference sites as compared to the one 
agriculture site and two urban sites. This seems to be primarily driven by WHI (Figure 
B2.1 – B2.3, in Appendix B.2) as this reference site had the greatest light intensity 
throughout all three seasons of sampling. Coefficient of variation was calculated based on 
cumulative light intensity measurements taken every 5 minutes (Figure 3.13b). There was 
more dispersion around the mean for reference sites as compared to the one agriculture 
and the two urban sites (Figure 3.13b). WHI may also be driving this variation for 
reference sites as it had the greatest coefficient of variation (Figure B2.4 – B2.6) during 
spring and fall and moderately high variation during the summer. Irrespective of land-
use, summer had greater daily cumulative light intensity (Figure 3.14a). Figure 3.14b 




complete logger dataset, log(x+1) cumulative light intensity and log(x+1) chlorophyll a 
significantly correlated.  
 
Figure 3.13a. Boxplot showing the daily cumulative light intensity (lux) for each land-use. R = two refence 
sites (WHI, HAW), A = agriculture site (USC) and U = two urban sites (UXB, WES). After nighttime data 
were removed, daytime light intensity (lux) were summed for each day of logger deployment (1 through 22 
days). Data were analyzed based on land-use category and combining all seasons. 
 
 
Figure 3.13b. Boxplot showing the daily coefficient of variation of cumulative light intensity (lux) for each 
land-use. R = two refence sites (WHI, HAW), A = agriculture site (USC) and U = two urban sites (UXB, 
WES). After nighttime data were removed, coefficient of variation was calculated for each day of logger 








Figure 3.14a. Boxplot showing the daily cumulative light intensity (lux) for each season at the five sites 
where light loggers were deployed. S = spring, M = summer, and F = fall. After nighttime data were 
removed, daytime light intensity (lux) were summed for each day of logger deployment (1 through 22 
days). Data were analyzed based on season and combining land-uses. 
 
 
Figure 3.14b. Boxplot showing the daily coefficient of variation of cumulative light intensity (lux) for each 
season at the five sites where light loggers were deployed. S = spring, M = summer, and F = fall. Figure 
shows that daily coefficient of variation for cumulative light intensity was fairly consistent in each season. 
After nighttime data were removed, coefficient of variation was calculated for each day of logger 
deployment (1 through 22 days). Data were analyzed based on season and combining land-uses. 
 
 When land-use and seasonal data are analyzed, chlorophyll a (Figure 3.15a) and 
total biomass (Figure 3.15b) for the sites where loggers were deployed was greatest for 




(Figure 3.15c) and spring total biomass (Figure 3.15d) were highest which somewhat 
aligns with daily light intensity data.  
 
Figure 3.15a. Boxplot shows mean Chlorophyll a (µg/cm2) that corresponds to the periphyton sampled 
from each of the five sites where light loggers were deployed. Land-use differences are highlighted – R = 
reference sites, A = agriculture sites, and U = urban sites. Data from each site during each season was 
combined: for reference land-use there were six data points, for agriculture land-use there were three data 
points and for urban land-use there were six data points in consideration for this boxplot. Only sites where 
light loggers were deployed are shown to explore the potential effect daily light intensity had on 
chlorophyll a at these sites. 
 
 
Figure 3.15b. Boxplot shows total calculated biomass (mg/cm2), as calculated based on biovolume from 
identified periphyton groups, that corresponds to the periphyton sampled from each of the five sites where 
light loggers were deployed. Land-use differences are highlighted – R = reference sites, A = agriculture 
sites, and U = urban sites. Data from each site during each season was combined: for reference land-use 
there were six data points, for agriculture land-use there were three data points and for urban land-use there 
were six data points in consideration for this boxplot. Only sites where light loggers were deployed are 








Figure 3.15c. Boxplot shows average Chlorophyll a (µg/cm2) that corresponds to the periphyton sampled 
from each of the five sites where light loggers were deployed. Seasonal differences are highlighted – S = 
spring, M = summer, and F = fall.  Data from each site during each land-use was combined: for each 
season, there were five data points in consideration for this boxplot. Only sites where light loggers were 





Figure 3.15d. Boxplot shows total calculated biomass (mg/cm2), as calculated based on biovolume from 
identified periphyton groups, that corresponds to the periphyton sampled from each of the five sites where 
light loggers were deployed. Seasonal differences are highlighted – S = spring, M = summer, and F = fall. 
Data from each site during each land-use was combined: for each season, there were five data points in 
consideration for this boxplot. Only sites where light loggers were deployed are shown to explore the 
potential effect daily light intensity had on biovolume at these sites. 
 
 
Using 2-way ANOVA to investigate nutrient concentrations at time of 




substrate deployment (F(2,33) = 3.360, p = 0.047), however Tukey HSD post-hoc text 
did not identify significant difference between land-use categories. However, TP (F(2,33) 
= 7.623, p < 0.001) was significantly higher at agriculture and urban sites as compared to 
reference sites. Chloride concentrations at time of artificial substrate deployment were 
significantly different across land-uses (F(2,33) = 32.43, p < 0.001) and, compared to 
reference conditions, significantly greater at agriculture and still greater urban sites 
(Figure B2.7). Canopy cover at time of substrate deployment was significantly different 
between land-uses (F(2,33) = 4.083, p < 0.05) where urban sites had significantly greater 
cover than agriculture sites, however urban and agriculture sites were not different from 
reference sites (Figure B2.8).  
What is driving estimated periphyton biomass response? 
Significant and notable Pearson correlations are summarized in this chapter. At 
reference sites (Table B2.1), TP was positively correlated with AFDW (r = 0.86). At 
agriculture sites (Table B2.2), TP was positively correlated with DW (r = 0.70) and 
chloride was positively correlated with Chla (r = 0.55). At urban sites (Table B2.3), TSS 
was negatively correlated with total biomass (r = -0.54). During the spring, irrespective of 
land-use, canopy cover was negatively correlated with Chla (r = -0.60). During the 
summer (Table B2.4), TP was negatively correlated with total biomass (r = -0.54). 
During the fall, no predictor variables were correlated with periphyton biomass response 
variables. 
 Multiple regressions were used to assess the predictive power that the 
physicochemical variables had on the periphyton biomass response variables for each 




nor significant individual predictors for periphyton biomass parameters at reference sites. 
At agriculture sites, there were no statistically significant models, however, there were a 
few significant individual predictors. TP was a significant positive predictor of DW. DO 
was a significant positive predictor of euglenophyte biomass. Whereas DO was a 
significant negative predictor of nanoflagellate biomass. At urban sites, canopy cover was 
a significant negative predictor and TP was a significant positive predictor of 
nanoflagellate biomass. There was one significant model for urban sites to predict 
chlorophyte biomass (R2adj. = 0.58, F(7,9) = 4.17,  p = 0.025) where DO and TSS were 
significant negative predictors and TP and nitrate were significant positive predictors. TP 
was a significant positive predictor for charophyte biomass during the spring. For fall 
sampling, the multiple regression model was statistically significant for Euglenophyta 
biomass (R2adj. = 0.85, F(8,4) = 9.28,  p = 0.024), however there were no significant 
individual predictors. Discharge and TSS were significant negative predictors for fall 
chlorophyte biomass.  
Cluster analysis (Figure 3.16) was performed to explore how similar sites were 
based on 1) only environmental predictors, 2) only periphyton biomass response 
parameters and 3) both predictors and response parameters. Comparing the first cluster, 
there was more grouping by season based on environmental predictors. This is not 
surprising because of the differences seen between the seasons for abiotic parameters. 
Sites were also grouped together, irrespective of season. For example, KET spring and 






Table 3.2. Multiple linear regression results for 2016 data highlighting significant and/or strong models and 
significant individual predictors. Variables were log(x+1) transformed to meet the assumptions of 
normality and homoscedasticity. Predictor variables included Dissolved Oxygen (DO), pH, Turbidity 
(Turb), Chloride (Cl), Temperature (Temp), Total Phosphorus (TP), Total Nitrogen (TN), Canopy Cover 
(Can), Discharge (Dis) and were used to assess the response variables of periphyton biomass indicators 
(Chlorophyll a, Dry Weight, Ash Free Dry Weight) and calculated biomass for group level identification 
(Euglenophyta, Diatoms, Cyanobacteria, Nanoflagellates, Charophyta (Desmids), Chlorophyta). Highly 







Dry Weight R2adj. = 0.46, 
F(5,8) = 3.20, 





Euglenophytes R2adj. = 0.45, 
F(5,8) = 3.09, 





Nanoflagellates R2adj. = 0.50, 
F(5,8) = 3.60, 






Nanoflagellate R2adj.= 0.48, 
F(7,9) = 3.14,  





Chlorophytes R2adj. = 0.58, 
F(7,9) = 4.17,  





Spring Charophytes R2adj. = 0.33, 
F(8,8) = 2.01,  






Euglenophytes R2adj. = 0.85, 
F(8,4) = 9.28,  
p = 0.024 
  
Chlorophytes R2adj. = 0.75, 
F(8,4) = 5.41,  










Figure 3.16. Dendograms showing cluster analysis for physicochemical parameters (left), periphyton biomass indicators (middle) and both physicochemical and 
biomass parameters (right) for each site (labeled with their site code), land-use and season. Note: R = reference, A = agriculture, U = urban, S = spring, M = 




was also closely associated with BUN fall. Different sites were also grouping together. 
LOV summer was more closely associated with HEW summer than HEW spring, which 
may have to do with temperature. HOT spring and KID summer were closely associated 
and were very different than all the other sites. Both HOT and KID are urban sites in 
Barrie.  
WHI fall is very different than all other sites when it comes to periphyton biomass 
indicators. As was MTA spring and BUN spring however these agriculture and urban 
sites were closely associated with each other. The high total calculated biomass for WHI 
fall could be pushing this site to be very different from the others. Dry weight for MTA 
spring was higher than BUN spring as was total calculated biomass. For the remaining 
sites some spring sites (WHI, HAW, UXB) were somewhat related where WHI spring 
was not part of this group. Interestingly, WHI and HAW are both reference sites yet 
HAW and UXB, an urban site, were more closely related. There are more branches when 
the sites were analyzed based on predictor and response variables. However, there were 
some sites which were grouped close together. For example, KET spring, summer, fall, 
UXB spring, fall, WES spring and fall, HOT summer and fall. Furthermore, land-uses 
seemed to be more closely associated than seasons.  
3.3.3 Periphyton Composition 
Shannon diversity index (H) was calculated based on biovolume at the group level 
of taxonomic identification (Figure 3.17). Diversity was variable throughout all seasons 
however it appears to be higher at more sites during summer sampling even though total 
biomass was highest at most sites during the fall. Table 3.3 shows a list of the 49 




number of genera identified from all sites. The 2016 genera count represent a minimum 
diversity at sites since the deployed substrate were only present in tributaries for 21 days.  
 
  
Figure 3.17. Bar graph showing Shannon Diversity Index as calculated from biovolume (determined from 
periphyton identifications) by site by season at the group level in 2016. Spring sampling (May to June) is 
shown with a dots, Summer sampling (July to August) is shown with more dots and Fall sampling 


















































Table 3.3. Table showing the six identified periphyton groups with associated identified genera in 2016. 

























































Figure 3.18 illustrates the calculated biomass for each 2016 season by each land-
use category. For reference sites, biomass increased as the season progressed. Agriculture 
sites, overall, had highest biomass during the summer, with fall in a close second and 
lowest biomass during spring. For urban sites, biomass was lowest during spring, then 
summer, with highest biomass in fall. Individual sites were analyzed for trends with 
respect to periphyton composition. The dominant periphyton group changed throughout 
the seasons at 50% of the sites (Table B2.5). Figure 3.19, illustrates the total calculated 
biomass and the proportion of periphyton taxonomic groups for spring. Most total 
biomass was found at WHI (for reference sites), MTA and MAS (for agriculture sites) 
and UXB (for urban sites). WHI is primarily composed of diatoms with some 
cyanobacteria. MTA, MAS and UXB follow a similar pattern with a high proportion of 
diatoms and cyanobacteria and a low proportion of Chlorophyte. Sites were dominated by 









Figure 3.18. Clustered barplot (top) and boxplot (bottom) showing biomass (mg/cm2), as calculated from 
biovolume from identified periphyton groups, in each season (spring (S), summer (M), fall (F)) for each 
land-use (Reference (R), Agriculture (A), Urban (U)). The total biomass for each season (top) is also 
presented to show the increase in biomass as the sampling season progressed. Biovolume of identified 





























Figure 3.19. Barplots showing the total biomass (top) and the proportion of identified periphyton (bottom) 
based on biomass (calculated from cell volume (mg/cm2)) of each taxonomic group by site during 2016 
spring sampling (May to June). Note: Charophyta are Desmids. Sites are ordered along human activity 
gradients from reference (WHI) to urban (BUN). Community composition varies considerably between 
sites.  
 
Summer 2016 (Figure 3.20) shows that most total biomass comes from BLU (for 
reference sites), HEW (for agriculture sites) and UXB (for urban sites). BLU and HEW 




however the proportion of cyanobacteria is greater. Diatoms and cyanobacteria continue 
to dominate the colonized periphyton community, Chlorophyte and Nanoflagellate 
increase representation while Charophyte and Euglenophyte decrease representation.  
 
 
Figure 3.20. Barplots showing the total biomass (top) and the proportion of identified periphyton (bottom) 
based on biomass (calculated from cell volume (mg/cm2)) of each taxonomic group by site during 2016 
summer sampling (July to August). Note: Bacillariophyta (Diatoms) and Charophyta (Desmids). Sites are 
ordered along human activity gradients from reference (WHI) to urban (BUN). Community composition 




Fall 2016 (Figure 3.21) shows that most total biomass comes from WHI (for 
reference sites), HEW (for agriculture sites) and LOV (for urban sites). WHI, HEW and 
LOV have a higher proportion of diatoms, then cyanobacteria and HEW has some  
 
  
Figure 3.21. Barplots showing the total biomass (top) and the proportion of identified periphyton (bottom) 
based on biomass (calculated from cell volume (mg/cm2)) of each taxonomic group by site during 2016 fall 
sampling (September to October). Note: Bacillariophyta (Diatoms) and Charophyta (Desmids). Sites are 
ordered along human activity gradients from reference (WHI) to urban (BUN). Community composition 





Chlorophyte. Diatoms and cyanobacteria continue to dominate fall 2016, however some 
sites show a change in the periphyton community. HAW (reference site) returned to a 
Diatom dominated community. KET (agriculture site) shifted from a Diatom dominated 
community during spring and summer to a cyanobacteria dominated community during 
fall. USC (agriculture site) returned to a cyanobacteria dominated community during fall. 
UXB and KID (urban sites) shifted from a Diatom dominated community to a 
cyanobacteria dominate community as the seasons changed. WES (urban site) returned to 
a Diatom dominated community during fall. HOT (urban site) had a minor proportion of 
diatoms during the spring, no diatoms during the summer and then a drastic increase 
during the fall. BUN (urban site) steadily increased in Diatom dominated community 
from a cyanobacteria dominated community throughout the sampling season. 
 Kruskal-Wallis H tests found that land-use had a significant effect on the 
proportion of Chlorophyte (X2(2) = 6.947, p < 0.05) where agriculture was significantly 
higher than reference sites (Figure 3.22). This shows that the proportion of Chlorophytes 
increased at agriculture sites, however, urban sites were more variable and not different 
than reference and agriculture sites. Spearman correlations showed that the proportion of 
nanoflagellates at reference sites, was positively correlated with canopy cover (rs = 0.70, 
p < 0.05). For agriculture sites, there were negative relationships between nitrate and 
Euglenophyte proportions (rs = -0.56, p < 0.05) and nitrate and Charophyte proportions 
(rs = -0.76, p < 0.05). For urban sites, there was a positive relationship between TP and 





Figure 3.22. Boxplot (top) showing the proportion of Chlorophyta across the nine groups – land-use and 
season. Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) of the 
proportion of Chlorophyta in each land-use category. Agriculture sites are significantly greater than 
reference sites. Difference between * shows significant difference between pairwise comparisons as 
calculated by Dunn post-hoc test with Bonferroni p-value correction (p < 0.05), based on significant 








Figure 3.23. From 2016 data, boxplots (top) showing Euglenophyta biomass (mg/cm2) across the nine 
groups – land-use and season. Combine plot (bottom) showing raw data (grey) with mean and standard 
deviation (black) of log(x+1) transformed Euglenophyta biomass in each season category. Fall sites are 
significantly greater than summer sites. Difference between * shows significant difference between 
pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – way 
ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = spring, M = summer, F = fall 
sampling times. Proportion of Euglenophyta yielded the same significant results using Kruskal-Wallis H 
test with Dunn post-hoc test and Bonferroni p-value adjustment, so they are not visualized here. 
 
Kruskal-Wallis H test also determined that season had a significant effect on 
proportion of Euglenophyte (X2(2) = 9.85, p = 0.0073) where summer was significantly 
different than fall however there was no difference between spring and summer and 
spring and fall sampling times (Figure 3.23). Season also had a significant effect on 




proportion data showed that summer was significantly different than fall (Figure 3.24). 
There were no significant correlations for spring. For summer, Spearman correlations 
showed that diatom proportion was negatively correlated with canopy cover (rs = -0.57, p 
< 0.05). For fall, Nanoflagellates were positively correlated with TP (rs = 0.60, p < 0.05).  
 
Figure 3.24. From 2016 data, boxplots (top) showing Charophyta (desmid) biomass (mg/cm2) across the 
nine groups – land-use and season. Combine plot (bottom) showing raw data (grey) with mean and standard 
deviation (black) of log(x+1) transformed Charophyta (desmid) biomass in each season category. Fall sites 
are significantly greater than summer sites. Difference between * shows significant difference between 
pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – way 
ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = spring, M = summer, F = fall. 
Proportion of Charophyta yielded the same significant results using Kruskal-Wallis H test with Dunn post-





These results suggest that land-use is not a primary driver of periphyton biomass 
(Chla, DW, AFDW) nor calculated periphyton biomass (calculated biomass at group 
level identifications based on cell shape). However, seasonality may be playing a stronger 
role. This highlights the importance of sampling periphyton during the complete ice-free 
season. 
What is driving the differences in periphyton composition between the seasons?  
 The RDA for the complete dataset showed that the relationship between the 
explanatory environmental variables and the algae group response variables was 
primarily explained by the first axis, RDA1 91.9% (Figure 3.25). A Monte Carlo 
permutation test found no significant relationships between algae groups and 
environmental variables. Based on the ordination triplot, the first RDA axis identified a 
gradient of temperature and to some degree canopy cover and TSS. The second RDA axis 
identified a gradient of nitrate. Relative abundance of cyanobacteria was positively 
related with canopy cover and TSS.  Diatom abundance was related to pH and had a 
strong negative association with TP. Chlorophyte, nanoflagellate, euglenophyte and 
charophyte abundance was positively associated with nitrate. Sites in the triplot are 
colour coded based on season. There does not appear to be any clear grouping based on 
site however given the differences in seasons seen with the relative proportion changes it 










Figure 3.25. Redundancy analysis correlation triplot for environmental variables (discharge (Dis), dissolved oxygen (DO), temperature (Temp), canopy cover 
(Canopy), chloride (Cl), nitrate, total phosphorus (TP), and total suspended solids (TSS)) and relative abundance of six periphyton groups (Euglenophyte (Eug), 
Diatoms (Dia), Charophyte (Char), Chlorophyte (Chlor), Nanoflagellate (Nano) and Cyanobacteria (Cyan). The environmental predictor variables are arrow 
vectors in blue and periphyton response variables are shown in red type font. Colour coded: S = spring (purple), M = summer (green), F = fall (yellow), R = 
Reference (black), A = Agriculture (grey), U = Urban (orange).. Highly correlated predictor variables (VIF ≥ 20) were removed from the data set prior to 
analysis. Eigenvalues of species and site scores were square rooted to plot symmetrically. Top Left: Complete Dataset: The cumulative explanatory percentage of 
the first two RDA axes is 96.1% (RDA1 91.9% and RDA2 4.2%). Top Right: Spring: The cumulative explanatory percentage of the first two RDA axes is 92.6% 
(RDA1 89.6% and RDA2 3.0%). Bottom Left: Summer: The cumulative explanatory percentage of the first two RDA axes is 94.0% (RDA1 87.8% and RDA2 




 The RDA for spring sampling season showed that the relationship between the 
explanatory environmental variables and the algae group response variables was 
primarily explained by the first axis, RDA1 89.6% (Figure 3.25). The Monte Carlo 
permutation test found one significant relationship between algae groups and DO (F(1,3) 
= 14.04, p < 0.05). Based on the ordination triplot, the first RDA axis identified a 
gradient associated with changes in discharge and temperature that separated some sites. 
The second RDA axis identified a gradient of DO that separated one reference site (BLU) 
and one agriculture site (USC). Relative abundance of charophytes, euglenophytes and 
chlorophytes was related with DO. Cyanobacteria abundance was related with TSS, 
canopy cover, chloride and nitrate. There was a strong negative association between 
nanoflagellate abundance and DO and between Diatom abundance and TP. The majority 
of sites were clustered in close proximity to each other and with discharge, except for two 
urban sites (HOT and BUN) and one agriculture site (USC).  
 For summer sampling, the RDA show that the relationship between the 
explanatory environmental variables and the algae group response variables was 
primarily explained by the first two axes (RDA1 87.8% and RDA2 5.2%) that accounted 
for 94.0% of the total variance (Figure 3.25). The overall Monte Carlo permutation test of 
the RDA was significant (F(9,4) = 7.3, p ≤ 0.05). Monte Carlo permutation test of the 
RDA axes showed that axis one (RDA1) was significant (F(1,9) = 138.2, p ≤ 0.05). Four 
explanatory variables were found to be significant, canopy cover (F(1,4) = 28.9, p ≤ 
0.05), DO (F(1,4) = 5.3, p ≤ 0.05), chloride (F(1,4) = 6.7, p ≤ 0.05) and TP (F(1,4) = 
18.2, p ≤ 0.05). The first RDA axis identified a gradient primarily of canopy cover, 




TP) and pH. Based on the ordination triplot, cyanobacteria and diatoms were not strongly 
associated with the environmental variables. However, there was a strong negative 
association between diatom abundance and chloride, temperature and to some degree, 
nutrients. Chlorophyte and nanoflagellate abundance were associated with TP, 
temperature, chloride and nitrate. Charophyte abundance was weakly associated with 
TSS and discharge. As with spring, there was some degree of clustering of sites, 
however, the sites were more spread out in ordination space. 
 The RDA for fall sampling showed that the relationship between the explanatory 
environmental variables and the algae group response variables was primarily explained 
by the first axis, RDA1 94.6% (Figure 3.25). Monte Carlo permutation test showed no 
significant results. Based on the ordination triplot, the first RDA axis identified a gradient 
of primarily canopy cover, chloride, nitrate, DO and temperature. The second RDA axis 
identified a gradient of discharge and TP. These axes seemed to separate the sites into 
two broad groups, irrespective of land-use. There was not a clear separation of the land-
use groups. Cyanobacteria abundance was negatively associated with pH, temperature 
and DO. Euglenophyte abundance was associated with TP and charophyte and 
nanoflagellate abundance were somewhat associated with discharge. Diatom abundance 
was associated with nitrate, chloride and canopy cover.  
3.4 Discussion 
3.4.1 The Effect of Land-use and Seasonality on Water Quality in the LSW 
Land-use played a stronger role in driving water quality trends as compared to 
seasonal differences. Urban sites had increased salinity, nutrients, and coliform bacteria 




quality. In comparison to background measurement at reference sites, urban sites had 
greater levels of salinity, nitrate, TP and coliform bacteria. Furthermore, urban sites had 
similar TP, but higher nitrate and salinity levels compared to agriculture sites. TP at 
agriculture sites was greater than reference sites, however nitrate concentrations were not. 
This illustrates that P is reaching Lake Simcoe from agriculture and urban sites, whereas 
N is primarily coming from urban systems, since nitrate from agriculture systems was not 
significantly different than ambient reference conditions.  
In the Lake Simcoe watershed, agriculture lands account for approximately 47% 
whereas residential and commercial development accounts for approximately 12% 
(Palmer et al., 2011). Logic would dictate that urban sites should not be contributing 
similar nutrient concentrations that agriculture sites do. However, the LSPRS (2010) 
indicated that P loading to Lake Simcoe from urban runoff and stormwater account for 
31% of TP to Lake Simcoe, whereas rural and agriculture sources contribute 25% of TP 
loading. When land-use was isolated from season, I did not find a difference between 
urban and agriculture TP concentrations. However, a significant difference was found 
with nitrate. Although, P concentrations are above background reference concentrations, 
focus should also be placed on N concentrations, which this study points to a bigger 
concern coming from urban systems over agriculture systems. 
The differences in nitrogen and phosphorus highlights an important trend that is 
found in many other tributaries and lakes where N:P ratio is increasing (Huisman et al., 
2018). Huisman et al. (2018) note that phosphorus loads have been reduced due to many 
different programs including low-P fertilizer application however nitrogen fertilizer use 




sites may be a contributing factor as typical consumer-based fertilizer sold in Ontario 
contains higher levels of N relative to P. Furthermore, Hobbie et al. (2017) found that 
fertilizer application and pet waste management primarily contributed to N and P inputs 
to several subwatersheds of the Mississippi River. Fertilizer from agriculture systems 
may not be as much of a concern because of the attention that farmers have received in 
the past four decades with their fertilizer use, much work has gone into reducing P and N 
concentrations leaching or running off of agriculture lands. 
Other sources of nutrients from urban areas that can be contributing to increased 
nutrients are stormwater ponds and sewer-stormwater misconnections. Sewage 
misconnections occur when sewage pipes are connected to storm drains that inadvertently 
carry untreated sewage to surface waters rather than to sewage treatment facilities. Not 
surprisingly, sewage discharging directly to surface waters can carry excess nutrients, 
pollutants and pharmaceuticals, to name a few. Sewage misconnections can be difficult to 
measure as the discharges can occur as more of a pulse and may also change depending 
on low and high precipitation events (Yin et al., 2017). Misconnections are relevant to 
keep in mind as a source of urban nutrients because Xu et al. (2014) determined that up to 
51% of total sewage flow in a Shanghai catchment was inappropriately discharging into 
storm drains. 
Stormwater ponds are designed to capture and retain excess precipitation from a 
given area. When functioning properly, the stormwater ponds are able to minimize the 
amount of nitrogen, phosphorus, metals and organic pollutants that enter downstream 
surface waters. However, in recent research, it is becoming apparent that stormwater 




effectiveness at managing runoff from precipitation. In a survey of Danish stormwater 
ponds, Sønderup et al. (2016) found that young ponds (< 5 years) had better retention 
(40-50%) of particulate organic matter, nitrogen and phosphorus as compared to older 
ponds, where a 5-10 year old pond retained 0-30% and > 10 year old pond retained 
essentially nothing.  This highlights the importance of stormwater pond maintenance, 
especially in older neighbourhoods.  
3.4.2 The Role of Land-use, Seasonality, and Water Quality in Periphyton Abundance 
As Lewis et al. (2011) suggest, algae growth responds best with both P and N 
addition to lotic freshwater systems. Chételat et al. (1999) found that both biomass and 
periphyton composition were related with nitrogen and phosphorus where sites that had 
high nutrients also had high biomass and were composed of filamentous algae. However, 
Welch et al (1988) did not find a relationship between summer chlorophyll a and soluble 
reactive phosphorus nor nitrite-nitrate. In my study, an increase in periphyton biomass at 
agriculture and urban sites above background reference sites would be expected based on 
the concentration differences of TP and nitrate. However, there was no significant 
difference between land-use for algal biomass indicators, including total biomass as 
calculated by cell volumes.  
Water quality nutrient samples taken at time of periphyton artificial substrate 
collection could have been measuring a pulse and not a consistent elevated nutrient 
concentration, which could impact the biomass accumulation over the substrate 
deployment period. Nitrate was significantly different between land-uses at time of 
substrate deployment however post-hoc analysis did not confirm these results indicating a 




significantly higher at urban sites, showing that nitrate may not have been consistently 
higher throughout the complete substrate deployment at urban sites. TP, on the other 
hand, was significantly higher at agriculture and urban sites at time of substrate 
deployment. This shows that TP had higher concentrations at time of deployment and 
collection potentially highlighting that TP is consistently elevated at agriculture and 
urban sites.  
The differences in water quality with the different land-uses indicated the serious 
problem of elevated chloride levels at agriculture and urban sites. Chloride is typically 
present in ambient concentrations in freshwater streams as a result of sewage, road salt 
application during winter months and application for a variety of purposes on agricultural 
fields. Because of these varied uses for chloride, it is often considered an indicator of any 
non-forested land (CCME, 2011). Ambient concentrations of chloride in lotic freshwater 
habitats in Ontario range from 10 to 30 mg/L. In my study, mean chloride found at 
substrate collection times during the three ice-free seasons from reference sites ranged 
from 11 to 40 mg/L. For agriculture sites, mean chloride ranged from 28 to 210 mg/L and 
at urban sites, mean chloride concentrations varied from 39 to 1000 mg/L. 
Using CaCl2 and NaCl to evaluate chloride toxicity to freshwater organisms, 
CCME (2011) set short-term toxicity at 640 mg/L and long-term toxicity at 120 mg/L. Of 
the 40 site visits to collect the periphyton artificial substrates, there were four times when 
mean chloride was at or above short-term toxicity and 19 times at or above long-term 
toxicity. Short-term toxicity was found at KID (spring and summer) and WES (spring and 
fall). Both are urban sites were KID is located in Barrie and WES is located in 




and 14 instances at urban sites. All seasons were represented evenly, with six spring and 
fall times each and seven summer sampling times. 
Not surprisingly, more urban sites had levels at or above long-term chloride 
toxicity. It is alarming that chloride levels remained elevated throughout the ice-free 
sampling period. However, mean chloride concentrations from the spring long-term 
toxicity sites was 500 mg/L, compared to summer at 297.6 mg/L and fall at 384.4 mg/L 
showing highest mean chloride was found during the spring. Potentially highlighted an 
increase in road salt application during the previous winter. For the LSW, chloride levels 
are clearly elevated throughout the watershed and during the ice-free season, indicating a 
decrease in biomass as a result of salinity stress or toxicity is possible. Specifically, for 
freshwater cyanobacteria, growth was saturated at 1 mg NaCl/L (Batterton and Van 
Baalen, 1971) and after 1 week of exposure of over 1000 mg NaCl/L, algal standing crop 
and diversity in a mountain stream were significantly lower (Dickman and Gohnaurer, 
1978).  
Issues with salinity are also present for diatoms where a review conducted by 
Hintz and Relyea (2019) explained that species turnover are evident at high salt 
concentrations and at ≥ 35 mg Cl-/L, diatom diversity is reduced as well as Diatoma 
vulgaris, Encyonema caespitosum, Pinnularia microstrauron specifically. For my study, 
diversity did not appear to be reduced at urban sites and I did not identify to species; 
however, the genera of these diatom species were found at various sites at elevated 
chloride concentrations (Table A3.1). Overall, these three genera were not found at many 
urban sites where, on average, chloride concentrations were greatest during all three 




be reduced at 1000 mg Cl/L. For our study, the Pearson correlation between chloride and 
chlorophyll a was not significant (Figure A3.1). This is likely due to the fact that 
chlorophyll a represents all algal taxa, therefore the presence of algae that are tolerant and 
sensitive to chloride may be confounding the relationship. This relationship may be more 
powerful if a longer chloride gradient was sampled. Nevertheless, the lack of an increase 
in biomass at agriculture and urban sites may be a physiological response to chronic 
exposure to elevated chloride concentrations at these sites.  
In addition to chloride, light availability to support photosynthetic growth of 
periphyton may be a potential contributing factor to lower biomass at urban sites. In our 
study, canopy cover was significantly greater at urban sites in all three sampling seasons. 
The six urban sites chosen were found in more mature neighborhoods where riparian 
cover associated with the site was composed of more typical climax Carolinian trees and 
shrubs. Even though riparian cover may have only been 5 to 10 m deep, it was sufficient 
to cover the majority of the site during all three seasons, especially when the overall 
wetted width of the tributary site was small. Furthermore, WHI, a reference site, had the 
largest width and lowest canopy cover of all sites, which translated into full light 
availability, potentially producing an outlier effect compared to other sites. Percent 
canopy cover was not correlated with cumulative light intensity measured from the five 
light loggers that were deployed at two reference, one agriculture and two urban sites. 
Daily cumulative light intensity was overall greater for the two reference sites compared 
to the agriculture and urban sites. Not surprisingly, this relationship appears to be driven 




(1988) found that periphytic diatom growth rates were more influenced by seasonal 
temperature changes rather than light. 
Greenwood and Rosemond (2005) investigated moderate N and P addition to a 
shaded headwater stream over 2 years and found that growth rates and chlorophyll a of 
periphyton changed very little. Furthermore, the maximum response of these parameters 
occurred at high light levels (Greenwood and Rosemond, 2005). In another study of a 
shaded forested stream, Hill et al. (1995) found that biomass only slightly increased (as 
shown with AFDW) with decreased grazing pressure and an increase in light. A lack of 
increased biomass was most likely due to nutrient limitations (Hill et al., 1995). These 
studies highlight the complex relationship between light, nutrients and a biomass 
response.  
Urban sites in my study did not have the expected periphyton biomass response 
considering the elevated nutrient concentrations. This may have been due to high canopy 
cover thereby decreasing consistent available light and/or high chloride. The relative 
importance of invertebrates grazing/scraping periphyton in sufficient amounts to affect 
biomass would have been low, and there was no obvious evidence of invertebrate grazers 
upon paver collection. Although the artificial substrates were deployed for three weeks, 
which is sufficient time for invertebrates to colonize, the low amount of periphyton on 
the artificial substrates was likely too low to support an invertebrate community. A top-
down effect of invertebrates on accrued algal biomass is typically seen in experiments on 
substrates that have been left undisturbed for more than 21 days (e.g. Rosemond, 1993; 
Walton et al., 1995). Therefore, a top-down effect on periphyton biomass in this study is 




3.4.3 The Role of Land-use, Seasonality, and Water Quality in Periphyton Community 
Composition 
 
The dominant periphyton group shifted throughout the sampling season at 50% of 
the sites. HAW was the only reference site that saw a shift in dominance to cyanobacteria 
during the summer. KET and USC were the only agriculture sites that had a shift in 
dominance to cyanobacteria. KET shifted to cyanobacteria during the fall and USC 
shifted to mainly diatoms during the summer, but returned to mainly cyanobacterial taxa 
during the fall. Two urban sites that remained consistent were LOV with a diatom-
dominated community (spring data were not available) and HOT with a cyanobacteria-
dominated community. The four remaining urban sites experienced a shift in dominant 
periphyton group, highlighting more community shifts at urban sites. UXB ended the 
2016 field season with a cyanobacteria-dominated community. KID shifted from diatom 
to cyanobacteria during the summer and remained that way in the fall. WES shifted to 
cyanobacteria during the summer and returned to diatom dominated during the fall. BUN 
began as cyanobacteria dominated in the spring and shifted to diatom dominated during 
the summer and fall.  
It is clear that there is a shift in the dominant periphyton groups during the ice-
free season in 2016. However, the causes of these shifts are not straightforward. Land-use 
and season had significant effects on the proportion of some of the rarer algae groups as 
shown with chlorophytes, euglenophytes and charophytes (desmids). Chlorophytes are 
typically abundant with high N:P ratios. Here, the proportion of chlorophytes was 
significantly greater at agriculture sites as compared to reference sites. The response of 
chlorophyte biomass at urban sites was explained positively with TP, nitrate and chloride 




associated with high nutrients and organic water pollution (Palmer, 1969). In this study, 
the proportion of euglenophytes were significantly higher in the fall as compared to 
summer when no euglenophytes were found at any of the sites. Euglenophyte biomass at 
agriculture sites was positively associated with dissolved oxygen and at urban sites was 
positively associated with discharge rates.  
Charophytes are known to be associated with low nutrients, and in this study, the 
proportion of charophytes was significantly lower during the summer as compared to the 
fall. All except two sites contained charophytes during the summer, however, the biomass 
response of charophytes during the spring was positively associated with TP. When land-
use and seasons were isolated to investigate associations between environmental 
variables and periphyton proportions, a few emerged. Euglenophytes were negatively 
correlated with nitrate and so was charophytes at agriculture sites. Whereas chlorophytes 
were positively correlated with TP at urban sites. Within seasons, diatom proportions 
were negatively correlated with canopy cover during the summer and nanoflagellates 
were positively corelated with TP during the fall.  
Seasonal changes played a stronger role in explaining the differences between the 
proportion of periphyton groups. It is unclear the governing reasons behind this however, 
other studies showed that seasonal differences are important in explaining diatom 
composition (Hlúbiková et al., 2014) and periphyton abundance and composition (Vis et 
al., 1998), as compared to nutrient concentrations. The RDA plots for LSW had no clear 
drivers of periphyton abundance during all three seasons (Table B3.2). There were only 
minor consistencies, for example, Nanoflagellates were associated with TP for summer 




The environmental conditions during the first several days to a week of 
colonization could have impacted the first-come-first-serve rule for primary succession. 
Regardless of habitat, pool or riffle, after 21 days, diatom communities were similar in a 
temperature fourth order stream (Oemke and Burton, 1986) potentially indicating in our 
study that even if the artificial substrates shifted habitats, this may not have impacted the 
diatom community colonization. Oemke and Burton (1986) did note that seasonal 
changes, such as water current, temperature or light, can strongly influence diatom 
succession by resetting early successional species. This is relevant because as the authors 
highlight, these small-scale changes may impact the diatom community as does major 
storm events that cause scouring of substrate surfaces. So even though there were no 
major precipitation events during the 21-day deployment in any of the three seasons 
sampled, small changes in discharge, temperature and light at each site could have 
impacted the diatom community. 
Opportunities to colonize the artificial substrate are also compounded by diel 
drifts of major periphyton taxonomic groups. In my study, although speculative, the 
amount of light and the season the artificial pavers were placed in the stream at each site 
could have played a role in the first-to-arrive periphyton colonizers. Peterson (1996) 
showed that cyanobacteria produced the most cells during mid-day whereas diatoms 
produced most during mid-morning/early afternoon drifts in August. Cumulative 
community composition in June was found to be relatively equal amounts of diatoms, 
green algae and cyanobacteria as compared to August which were dominated by diatoms 
and green algae (Peterson, 1996). Hodoki (2005) demonstrated that early development of 




sensitive to solar ultraviolet radiation. In addition to my findings, these studies further 
highlight the importance of sampling periphyton communities during multiple seasons.  
3.5 Conclusions and Future Research Considerations 
The water quality in the tributaries of the Lake Simcoe watershed in 2016 
declined with increasing agriculture or urbanization as compared to ambient reference 
conditions. Periphyton biomass indicators (chlorophyll a, dry weight, ash free dry weight 
and total biomass calculated by cell biovolumes) were not significantly different between 
land-uses, which contradicted our expectations. The lack of relationship may be due to 
the confounding effects of increased canopy cover or decreased light intensity and/or 
increased chloride concentrations. Seasonal changes appear to be playing a slightly 
stronger role in explaining changes in periphyton composition which does align with 
other studies (e.g., Oemke and Burton, 1986; Vis et al., 1998). 
It appears that the periphyton communities measured in Lake Simcoe watershed 
tributaries are more variable than what could be explained by abiotic factors. Based on 
the water quality results, it would be expected that periphyton community composition 
would be different between land-use categories. Tromboni et al. (2019) found that 
deforestation of forested land to pasture changed the periphyton taxa composition to 
diatoms (Cymbella sp., Amphipleura sp. and Spirogyra sp.) more tolerant of high light 
availability and high nutrient levels. Whereas Lavoie et al. (2004) found that P and N 
concentrations from the sites did not significantly explain the species-specific 
composition variation between reference and agriculture sites. However, the authors did 
find an obvious grouping of sites with reference sites being separated in canonical 




conductivity and suspended solids being relevant abiotic factors relating to community 
composition (Lavoie et al., 2004). These studies highlight the variability of periphyton in 
other systems. Perhaps there are underlying biotic interactions that could explain the 
periphyton taxonomic shifts within and between sites and seasons in the LSW. 
This study does highlight the need to sample periphyton during the complete ice-
free season as all three seasons did not yield the same results. Dominant taxa, based on 
biovolume, varied between sites and within sites throughout the sampling season. 
Temperature and light availability, which are key factors for periphyton colonization, 
vary considerably in temperate climates throughout the ice-free season. Furthermore, 
chloride and nutrients showed variability throughout the ice-free season and between 
land-uses. These abiotic factors can affect the various periphyton groups present 
differently which compounds the complexity of the periphyton response. Rarer taxa 
showed significant differences based on land-use and although informative, this does not 
provide a complete picture of the periphyton response if analyzed based on land-use 
alone. Determining a periphyton community response based on land-use if sampled 
solely during one season does not provide a complete picture of the lotic surface water 
being studied which can have management implications if only one season is sampled. 
Finally, the fact that urban sites were the same or worse than agriculture sites, in 
terms of water quality, is cause for concern given the predicted growth in urban land-use 
in the LSW. Future studies should consider collecting data on light availability at each 
site as well as sampling for water quality parameters more frequently throughout the 
substrate deployment period. These changes could provide valuable insight on the small-
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CHAPTER 4 – EVALUATING INVERTEBRATE COMMUNITY STRUCTURE 
AS A FUNCTION OF WATER QUALITY AND PERIPHYTON NUTRITIONAL 
QUALITY ACROSS AND URBAN – RURAL LAND-USE GRADIENT IN THE 
LAKE SIMCOE WATERSHED 
4.1 Introduction 
The LSW is seeing substantial land-use changes through conversion of natural 
and agriculture lands to urban developments. With an increase in urban lands comes a 
change in riparian cover and an increase in impervious surfaces (namely roads and 
structures). These changes can dramatically affect abiotic inputs to the lotic surface 
waters that drain a given area of land. Flow (e.g. Frazer et al., 2019), light availability 
(e.g. Greenwood and Rosemond, 2005) and turbidity (e.g. Tsihrintzis and Hamid, 1997) 
are impacted by changes to riparian vegetation while nutrients (e.g. Thomas et al., 2018) 
and salinity (e.g. Corsi et al., 2010) are impacted by an increase in urbanization which 
brings an increase in human activities, such as road salt and fertilizer application.  
These abiotic parameters can have a bottom-up control on the periphyton 
community that have colonized a particular stream reach. Periphyton biomass, measured 
as chlorophyll a, dry weight and ash free dry weight, typically decreases with a decrease 
in light availability (through decreases in canopy cover and/or turbidity) (e.g. Greenwood 
and Rosemond, 2005), high discharge rates (e.g. Davies and Bothwell, 2012), high 
salinity (e.g. Dickman and Gohnaurer, 1978), and low concentrations of nitrogen and 
phosphorus (e.g. Lewis et al., 2011). Similar conditions can decrease periphyton diversity 
(Greenwood and Rosemond, 2005), however discrepancies within and between studies 
still exist due to the variable nature of periphyton and study locations and timing (Vis et 




In addition to biomass, abiotic parameters can exert a bottom-up control on 
periphyton nutritional quality.  Nutrient stoichiometry measures the amount of carbon 
(C), nitrogen (N) and phosphorus (P) found in periphyton. Periphyton that are high is 
nutritional quality will have greater amounts of P and N relative to C. Hypotheses have 
been developed to understand the amount of C:N:P primary producers should contain. 
These predictions then shed light on the water conditions in which periphyton grow and 
develop as well as the impact this will have on higher trophic levels. Algae within 
periphyton, must adapt and balance between low-light/high-light conditions and 
allocating resources to growth.  
Sterner et al. (1997) outline the light-nutrient hypothesis which suggests primary 
producers are nutrient poor in high light relative to water column nutrients and are 
nutrient rich in low light relative to nutrients. In high light, photosynthesis is high, uptake 
of C is high, and inorganic P supply must also be high to maintain a synchronized uptake 
of C and P. If the supply of inorganic P is not maintained, desynchronization may occur 
which could cause decreasing P:C ratios, which can result in an accumulation of storage 
lipids (Hessen et al., 2002). This scenario would lead to algae that are poorer in quality as 
determined by increasing C:P, or decreasing P:C, ratios. Whereas in low light, light 
harvesting pigments and membranes of algae are increasing (Hill et al., 2011) and 
demand for N is increasing, because of the protein content of photosynthetic machinery 
(Hessen et al., 2002; Guo et al., 2015).  
When light is low and P is not, food quality will be high (increase P:C ratio), 
however algal biomass may be low (Hessen et al., 2002). The amount of nutrient 




Redfield (1958) determined the ideal mean elemental stoichiometric ratio for oceanic 
plankton is 106C:16N:1P. Hillebrand and Sommer (1999) investigated freshwater 
periphyton in the laboratory and determined the ratio to be 119C:17N:1P. Both ratios 
have been used to understand any nutrient limitations for periphyton growth. Flow can 
also affect periphyton nutrient content because of its potential effects on community 
dynamics. High flow or disturbance events can cause scouring on substrates which 
decreases competition making more water column resources and light available to 
remaining periphyton communities. 
Invertebrates have been used as indicators of water pollution and poor water 
quality (e.g. Karr, 1987; Hawkins et al., 2000) because identification is relatively fast and 
tolerance values of many common benthic taxa have been recorded. Conclusions about 
land-use impacts on the stream water quality and biota can be drawn based on the number 
of individuals, the number of taxa, the number of grazers and the number of indicator 
taxa (e.g. Chironomidae, EPTs, Dominants). Furthermore, when periphyton are 
incorporated into sampling regimes, information about food web dynamics can be 
explored. Invertebrate abundance should increase as a result of an increase in periphyton 
biomass because there is more food available – especially an increase in grazers. More 
food availability, may indicate favourable water quality conditions, which should also 
increase invertebrate diversity, as a range of taxa can adequately survive. 
The relationship between periphyton and invertebrate abundance and diversity 
becomes more complicated when periphyton nutritional content is considered (Cashman 
et al., 2013). An increase in invertebrate abundance is not always a result of an increase 




producers and consumers (Müller-Navarra et al., 2000). Autochthonous material is the 
primary choice of food for stream invertebrates (Lau et al., 2009) because it typically 
contains greater levels of N and P (Guo et al., 2015) and are low in compounds that 
prevent digestion (Hill et al., 2011). However, during the fall in low order streams, there 
is the potential of an increase in allochthonous material to surface waters which could 
provide a choice of resources for invertebrates, allowing invertebrates to forage on a 
different food source or drift downstream for the potential of accessing higher food 
quality.   
Invertebrates are also able to exert top-down control on periphyton through 
grazing pressure. When invertebrate abundance is sufficiently high, the likelihood of 
more periphyton being consumed increases. This can have multiple effects on the 
periphyton community. Periphyton biomass will decrease, so could the nutrient content 
of the remaining periphyton community. This decrease in biomass will free up space on 
substrates for colonization of new periphyton, potentially changing periphyton 
community dynamics (in terms of nutrient content, competition for resources). Grazing 
pressure will also allow more water column abiotic parameters, namely nutrients and 
light, to be available to the remaining periphyton community. 
 Furthermore, the act of invertebrates consuming periphyton communities can 
alter the available nutrients to periphyton communities downstream. In consuming 
periphyton, invertebrates have removed a portion of periphyton that may have been 
scoured in high flow events there by reducing nutrient availability to downstream 
communities. Furthermore, invertebrate excrement through consumption, especially if 




(Davies and Bothwell, 2012). Although impacts of invertebrates on downstream 
communities was not directly studied for my research, it is an important consideration 
especially since lotic waters are cumulative in nature and it is the impact these lotic 
waters have on the receiving Lake Simcoe that is the ultimate concern.  
 In the previous chapter, I focused on the role of land-use and water quality in 
driving periphyton community structure and biomass on artificial substrates in the LSW. 
In this chapter, I focused my attention on the macroinvertebrate community of the same 
LSW study sites, and how they relate to periphyton nutrient content and biomass, water 
quality, and different land-uses across seasons in 2017. This research goal was based on 
achieving four main objectives: 
1) Determine if water quality changed in response to land-use and/or season; 
2) Determine if the macroinvertebrate food source (periphyton biomass and/or nutrient 
content) was affected by different land-uses, water quality, and seasons; 
3) Explore the interactions between periphyton and macroinvertebrates to determine if 
aggregate measures of invertebrates are tied to periphyton biomass and/or nutrient 
content; and 
4) Evaluate ecosystem health of LSW tributaries based on macroinvertebrate community 
structure and assemblages. 
 
I predicted that water quality would decrease as urbanization increased (in terms of P, 
N and chloride) due to the land-use activities associated with urban developments, 
namely fertilizer application, pet waste, constructions and salt application. I also 




be lower during the fall. I predicted that periphyton biomass would be greater during the 
spring or fall at urban sites. In this scenario, canopy cover should be at its minimum 
indicating high light availability and nutrients should be greatest from urban sites, so 
periphyton should be at its maximum in high light and nutrients. Finally, I predicted that 
in terms of periphyton nutrient content, periphyton carbon (Peri C) would be consistently 
high due to the high degree of detritus in lotic benthic systems. Furthermore, nutrient 
quality (in terms of low C:N, C:P and N:P) would be greatest at reference sites because 
water quality and light should be optimal in optimal conditions. Nutrients and light may 
not be optimal at urban and agriculture sites. 
I expected invertebrate diversity to be greatest at reference sites due to the lower 
multiple-stressor impacts at reference sites compared to urban and agricultural sites. 
Assuming periphyton biomass is high at urban sites, due to an increase in nutrients, 
herbivore abundance should also be high at urban sites due to an abundance of food. 
Invertebrate diversity would be low at urban sites due to greater multiple-stressor impacts 
at these sites. Finally, I predicted that reference sties would have a greater number of 
pollution sensitive taxon (e.g. % EPTs) relative to agriculture and urban sties whereas 
urban sites would have a greater percentage of pollution tolerant taxon (e.g. % 
Chironomidae, % Oligochaeta) relative to reference sties, indicating that reference sites 
selected for this study are better quality as compared to agriculture and urban sties.  
4.2 Methodology 
4.2.1 Site Selection and Sampling Design 
Site selection followed the same rationale and protocol as the 2016 field study, 




environmental or human activity descriptors released for GIS data layers. Therefore, no 
new analyses for site assignment categories were conducted. All reference, agriculture, 
and urban sites were the same. Maintaining 14 sites ensured a balance between the 
number of sites that could be realistically sampled in the watershed to represent a spatial 
gradient of land-use changes and a temporal gradient during the ice-free season. Sites 
were visited once during late spring (June), late summer (August) and early fall (end of 
September to early October) to capture peak biological activity. Beginning in mid-June 
ensured that the study was conducted after spring freshet and when soils in the buffer 
areas of sites had a chance to completely thaw. Ending in early October decreased the 
chance of freezing temperatures which can affect periphyton and invertebrate viability 
and growth. 
Sampling once every two months also ensured that periphyton and invertebrate 
communities had the opportunity to recover from previous sampling disturbance. Each 
site had to be disturbance free for a minimum period of three weeks prior to sampling to 
ensure an established invertebrate community. Although 2017 was considered a wet year, 
there were no major or catastrophic precipitation events during the four-week period prior 
to sampling to be characterized as a disturbance.  
4.2.2 Field Data and Water Sample Collection 
At each site visit, the physical environment was described and recorded and 
physicochemical parameters were collected. Table B1.1 (in Appendix B.1), describes 
each physicochemical parameter and the rationale for measuring them. Canopy cover was 
estimated by looking up at the canopy at the sampling location and the percent of light 




as well as any obstructions (such as bridges). Because sites were only visited once 
between sampling events, light loggers were not deployed in 2017. Discharge rates were 
calculated based on hydraulic head (HH), channel width and channel depth. A 
Professional Plus handheld multiparameter probe (YSI, Yellow Springs, Ohio, U.S.A.) 
was used to record surface water temperature, conductivity and pH. An EcoSense 
ODO200 handheld optical sensor (YSI, Yellow Springs, Ohio, U.S.A.) was used to 
measure dissolved oxygen (DO) and temperature. 
Water was collected with three acid-washed 1-L Nalgene bottles. Water samples 
were put on ice in a cooler and processed in the laboratory within 24 hours of collection. 
Phosphorus analysis included total phosphorus (TP) and total dissolved phosphorus 
(TDP) following a modified ascorbic acid method of Murphy and Riley (1962). For TP, 
approximately 40 to 50 mL of collected water was poured into acid-washed tubes and 
immediately placed in the freezer until analysis. For TDP, approximately 40 to 50 mL 
was filtered using vacuum filtration onto 25 mm hydrophilic nylon membrane filters with 
a pore size of 0.2 µm (GE Healthcare CA28159-721). TP and TDP were not strongly and 
significantly correlated during the complete dataset and any data subsets, therefore, for 
data exploration and statistical tests, TP and TDP were both incorporated.  
Nitrogen samples were analyzed for a suite of nitrogen species including: 
ammonia+ammonium, nitrite, nitrate, and total kjeldahl nitrogen (TKN) by an accredited 
lab (SGS Canada Inc, Lakefield, Ontario). Total nitrogen (TN) was determined by 
summation of all nitrogen species measured. Table C1.1 shows the percent and number 
of samples that were above detectable limits for each nitrogen species during the 2017 




exploration and statistical tests, unless otherwise stated (for example ammonia-
ammonium had only three and four detectable levels during summer and fall sampling, 
respectively).  
Nitrate and TN were strongly and significantly correlated (r ≥ 0.81, p ≤ 0.05) 
showing that TN was predominantly driven by nitrate concentrations. Therefore, TN was 
omitted from analyses. Chloride was measured using VWR pH/ISE portable meter and 
chloride electrode. Conductivity and chloride were strongly and significantly correlated 
(reference sites: r = 0.69, p < 0.05, all other land-use categories and seasons: r > 0.96, p < 
0.05). Therefore, conductivity was omitted from data exploration and statistical analyses. 
Total suspended solids were not measured in this study due to a mechanical issue with 
the microscale balance. To measure turbidity, sample water was shaken then poured into 
cuvettes and measured at 750 wavelength using a spectrophotometer (Genesis 10S UV-
Vis, ThermoScientific).  
4.2.3 Natural Substrate Selection for Periphyton Standing-crop Studies  
A minimum of three to a maximum of five natural, or already present, solid 
surface substrates were selected at each site during spring, summer, and fall sampling 
periods. Ideally, natural substrates were selected from slow moving riffles, if this was not 
possible, then substrates from pools then faster riffles were chosen. Pools were selected 
over faster riffle because slow moving water was more common at more sites which 
would allow for better comparisons. Furthermore, slow moving riffles are able to support 
biotic communities that require slower or faster moving water, making diversity typically 
higher at slow moving riffles. Depth of substrate was difficult to control due to the 




recorded. All periphyton scrapings were completed using a PVC template (area = 13.25 
cm2), dissecting tools and a nylon-bristled toothbrush and rinsed into sample bottles using 
reverse osmosis water. Scrapings were considered complete when all visible biomass was 
removed from the template area. Figure 4.1 summarizes the work flow of in-field 
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Figure 4.1. 2017 Periphyton sampling flow from field site to scraping, using natural substrates. Site (B) selection will be 
designed for land-use. Natural substrates were collected perpendicular to the shore along the site transect (C). Natural 
substrates (D) were completely submerged in water. Each substrate had 4 scrapes: 3 for periphyton slurry (E) and 1 for 





scrapings from each substrate formed one composite sample, referred to as periphyton 
slurry. The fourth circular scrape per substrate was used for periphyton taxonomic 
identification. Periphyton identification replicates were not pooled at time of collection. 
With a minimum of three substrates at one site, there was a minimum of three replicate 
samples for periphyton slurry and three replicates for taxonomic identification. Table 
C1.2 shows the natural substrate sampling success. From all three seasons, five natural 
substrates were collected from 50% of sites, where 64% of spring sites yielded five 
replicates, 43% of summer and fall sites yielded five replicates.  
4.2.4 Periphyton Analysis 
Periphyton slurry replicates were scraped into sterile urinalysis cups with screw-
caps, placed on ice, and processed within 24hr. These samples were used to estimate 
periphyton quantity (biomass) and quality (stoichiometry) at each site. Biomass was 
estimated using several approaches including: chlorophyll a (Chla), dry weight (DW), ash 
free dry weight (AFDW), and biovolume calculation based on microscopic cell 
measurements (referred to as total biomass or group level identified biomass). 
Stoichiometry was estimated by quantifying the amount of carbon (Peri C), nitrogen (Peri 
N) and phosphorus (Peri P) of the periphyton to obtain an assessment of quality. These 
amounts were then compared as molar ratios for carbon:nitrogen (C:N), C:phosphorus 
(C:P) and N:P. Periphyton samples for taxonomic identification were stored in 40 mL 
Qorpak™ bottles. Samples were fixed with 1-mL of Lugol’s iodine solution prior to 
storing the bottles at room temperature in the dark until analysis.  
Periphyton slurry (for biomass and stoichiometry) were vigorously shaken three 




ensure the sample remained mixed throughout the filtering process. Depending on 
periphyton density on the filter, 2 – 10 mL of periphyton slurry were transferred to each 
filter using a pipette. The volume of periphyton slurry filtered for each analysis was 
recorded. After all filters were completed, the remaining volume of periphyton slurry was 
measured using a graduated cylinder and recorded. By adding all volumes, a total volume 
of periphyton slurry calculated. 
Periphyton slurry replicates were filtered onto replicate GF/A 25mm filters for 
analysis of Chla (1 filter), DW/AFDW (1 filter), Peri P (1 filter), and Peri C/N (1 filter). 
Filters for Chla were not prepared for filtering. Filters for DW and AFDW were pre-
rinsed, dried at 600oC for 2 hours and weighed prior to filtering. Filters for Peri P and 
Peri C/N were pre-rinsed, dried at 600oC for 2 hours, then placed in the muffle furnace at 
550oC for 2 hours, then weighed prior to filtering. Immediately after periphyton slurry 
was filtered, Chla filters were wrapped in labeled foil packets and stored in the freezer. 
Filters for DW/AFDW, Peri P and Peri C/N were placed in labeled bags, then placed in 
the oven for 24 to 48 hours at 600oC to dry, then in the freezer until analysis. Chla was 
extracted in 10 mL of 90% acetone for 24 hours in the fridge and then a 7 mL subsample 
was centrifuged at high speed for 15 minutes. Total Chla concentration was determined 
via spectrophotometry (Kirkwood et al. 1999). DW was calculated after filters were dried 
at 600oC in the oven for 48 hours. AFDW was calculated after the DW filters were 
combusted in a muffle furnace at 550oC for 2 hours.  
Peri C/N and Peri P slurry filters were processed at Trent University (Drs. Paul 
Frost and Maggie Xenopoulos’ Labs, Peterborough, ON). Peri C/N filters were wrapped 




Peri P slurry filters were first digested in glass vials with 20 mL of distilled water (dH2O) 
and 10 mL of 5g/100mL of potassium persulfate. Vials were then loosely capped and 
placed in the autoclave on liquid cycle for 2 hours. The colour reagent for Peri P 
determination composed of 20.0 mL sodium molybdate (27.1783 g/500 mL), 50 mL of 
2.4M sulphuric acid, 20.0 mL of ascorbic acid (27 g/500 mL) and 10.0 mL of K-
antimony tartrate (1.3606 g/L). The final total volume of colour reagent was adjusted to 
accommodate all samples being processed. Phosphorus standards (10 through 880 µg/L) 
and test vials received 3.0 and 4.5 mL of colour reagent, respectively. Peri P test vials 
were diluted by extracting 5 mL of sample and adding it to 5 mL of dH2O + 0.75 mL 
colour reagent. Standards and test vials were measured at 885 nm using a 1 cm glass 
cuvette via spectrophotometry (Varian 50 Bio UV Visible, Agilent Technologies, United 
States). Peri P concentrations were calculated by correcting for dH2O blank, standard 
curve (set at R2 ≥ 0.99) and sample dilution by a correction factor of 1.5.  
Periphyton taxon richness and relative abundances were measured using an 
inverted light microscope (Evos XL Core) at 560 total magnification. A minimum of 300 
individual cells were counted for each replicate. Taxa were identified to lowest 
taxonomic resolution using standard identification keys (Prescott 1962; Round et al., 
1992; Wehr, J.D. and Sheath 2003). Total biomass based on cell volumes were calculated 
by approximation of known geometric shapes using mean cell dimensions. 
4.2.5 Invertebrate Sampling 
 A kick net, 14.5 X 19.5 cm with mesh size of 80 µm, was used to collected 
invertebrates from the selected natural substrate and in the benthic environment where the 




larger zooplankton that may be interacting with the substrate and/or benthos. This mesh 
size also ensures that smaller macroinvertebrates were also captured. The kick net 
technique was used to ensure that invertebrates that were around and below the selected 
substrate were captured. Prior to removing the selected periphyton substrate from the 
water, the kick net was placed downstream of the substrate in the first 3 cm of stream bed 
so that any benthos was captured when the substrate was removed. The substrate was 
wiped by hand to remove any invertebrates from its surface to be collected into the kick 
net. The selected substrate was then placed aside for periphyton sampling. The benthic 
environment was kicked 10 times to a depth no deeper than three centimeters directly in 
front of the kick net where the periphyton substrate was found. Water was allowed to 
strain from the kick net then the remaining sample was rinsed with 95% ethanol into a 
plastic bag with an internal label. This was repeated for each of the maximum of five 
natural substrates selected at each site during each season.  
 Upon return to the lab, invertebrate samples were emptied into the kick net and 
were rinsed with tap water to remove larger debris (e.g. rocks, sticks). The remaining 
sample was then transferred into a glass jar and filled with 95% ethanol and stored at 
room temperature until processing. 
4.2.6 Invertebrate Analysis 
Due to the large of amount of sample, the majority of replicates from 2017 were 
subsampled. Original samples were emptied into a subsampler. The subsampler consists 
of two pieces of 4-inch diameter PVC pipe. The end of one piece of PVC pipe is 
completely sealed with 80 µm mesh. The other PVC piece has one end that is divided 




quadrants are sealed with 80 µm mesh. The completely sealed side of one piece and the 
divided side of the other piece are oriented together and the seam is sealed with tape. The 
sample to be processed is poured into the quadrant PVC piece which is then sealed with 
an appropriate cap. The subsampler is inverted 10 times to ensure even distribution of the 
sample into the four quadrants. The subsampler is un-sealed, and the portion of the 
sample that is found in the two sealed quadrants is rinsed into a jar for counting and 
identification. The other fifty percent of the sample was placed back into the original 
storage jar. All invertebrates that were intact and appearing to likely be alive at time of 
ethanol preservation in the field were identified and counted. Invertebrates were 
identified using a dissecting microscope (QZE Zoom Stereo Microscope, Walter 
Products, Missouri) at 45x maximum total magnification. For subsampled replicates, 
abundances were multiplied by two to represent the complete sample. Taxa were 
identified to order, suborder or family using Merritt et al (2008).  
Invertebrate parameters for water quality determination were calculated based on 
identifications. These included, the percent of EPTs (Ephemeroptera + Plecoptera + 
Trichoptera), Amphipoda, Gastropoda, Chironomidae and Oligochaeta. Using various 
resources (Giller and Malmqvist, 2002; Merritt et al, 2008), identified invertebrate groups 
were placed in one of six functional feeding groups (Table C1.3). The feeding groups 
most likely to consume periphyton were assigned as a Herbivore and the feeding groups 
that consume animal cells and tissues were assigned as a Predator.  
4.2.7 Statistical Analysis 
In addition to descriptive statistics, 2-way ANOVAs (alpha = 0.05) were 




use and season had between physicochemical variables (TP, nitrate, chloride, discharge, 
temperature, TSS, DO, canopy cover, and pH) and periphyton biomass (Chla, DW, 
AFDW, total biomass as calculated from biovolume of identified periphyton groups) and 
between physicochemical variables and periphyton nutrient content (Peri C, Peri N, Peri 
P, C:N, C:P and N:P). For significant ANOVA results, Tukeys pairwise comparisons 
were completed to see significant differences between land-use and season categories and 
measured parameters. One-way ANOVAs were used to determine if there was a 
significant difference between land-use or season and periphyton biomass, nutrient 
content or invertebrate variables. This was done to isolate within land-use or seasonal 
effects. For example, examining seasonal differences at Reference sites or examining 
land-use differences during the spring. Pearson correlations (r; alpha = 0.05) were used to 
explore relationships between physicochemical variables and periphyton biomass and 
nutrient content.  
Linear and multiple regression analyses were performed to explore the 
explanatory power the predictor variables had on the response variables. Strongly 
correlated predictor variables (r ≥ 0.70) were not used in the same multiple regression 
model. Regressions were performed on land-use and season categories due to the 
differences seen with these categories and the significant ANOVA results. For predicting 
periphyton biomass and nutrient content, predictor variables included TP, nitrate, 
ammonia-ammonium, nitrite, TKN, chloride, pH, temperature, turbidity, dissolve oxygen, 
canopy cover, and discharge. For predicting total invertebrate abundance, %EPTs, 
%Oligochaeta, %Chironomidae, %Amphipoda, %Gastropoda and %Herbivores, 




biomass and nutrient content variables. Linear and multiple regressions were used to 
assess how periphyton and invertebrate communities were interacting based on land-use 
and seasons because non-multidimensional Scaling (ordination) did not prove to be 
informative so it was not included.  
Physicochemical, periphyton, and total invertebrate abundance variables were 
log(x+1) transformed to meet assumptions of parametric statistical tests. Furthermore, 
aggregate measures of invertebrates (% of EPT, Oligochaeta, Chironomidae, Amphipoda, 
Gastropoda, and Herbivores) were arcsin(√(x)) transformed, recorded in degrees, to meet 
parametric assumptions. Predators as a functional feeding group were documented, 
however they comprised such a small proportion of each site that they were only 
analyzed using descriptive statistics. For reference and urban land-use categories, TDP, 
TKN, ammonia-ammonium and nitrite did not meet assumptions, even after attempts at 
transforming the data, so were analyzed using non-parametric analyses. Significant 
differences were found for water quality with respect to land-use and season, as will be 
explained in the following section. Given these differences, the statistical tests were 
performed for each land-use separately because of the differences seen with chloride, 
nitrate and canopy cover. Each of these abiotic variables were greater at urban sites 
which may have influenced the periphyton and invertebrate communities. Furthermore, 
statistical tests were performed for each season separately because spring had greater pH 
and turbidity. As with land-use differences, this may have influenced the periphyton and 
invertebrate communities. 
Periphyton and invertebrate communities were explored using descriptive 




abundances of identified groups did not meet parametric assumptions so were also 
analyzed with non-parametric tests. To explore the effect that land-use and season had on 
identified periphyton and invertebrate group proportions, Kruskal-Wallis H test was 
performed with Dunn post-hoc test and Bonferroni p-value adjustment.  
Detrended correspondence analysis (DCA) was performed on relative percent 
abundances of algae and invertebrate group level identifications. The length of the first 
DCA axis standard deviation was less than 3 for all seasons indicating a homogenous 
dataset so linear ordination methods were suitable (Lepš and Šmilauer, 2003). 
Furthermore, a constrained ordination technique was selected because a goal was to 
explore the effect the physicochemical variables had on explaining the variation in the 
algae and invertebrate data. Given this information, redundancy analysis (RDA) was 
selected to explore the physicochemical variables that correlated to the relative 
abundance of algae and invertebrate groups during each season with Monte Carlo 
permutation tests (999 permutations) on the data set, the axes, and the individual 
physicochemical explanatory variables. Highly correlated physicochemical variables 
(variable inflation factor ≥ 20) were removed from the data set prior to analyses. 
Transformation of physicochemical variables did not alter the interpretation of the RDAs 
so the original values were used. TDP was removed from Complete and Fall RDA 
datasets due to missing values. Algae abundances were not Hellinger transformed 
because this type of transformation is typically employed to use linear methods on 
heterogenous datasets (Legendre and Gallagher, 2001). For better plot visualization, 




The macroinvertebrate community was further analyzed based on assemblage 
compositions to assess the ecosystem health of the LSW tributaries. Community 
assemblage compositions are simple yet effective measures that provide insight on the 
proportion of certain taxonomic groups relative to the local fauna (Barbour et al., 1996). 
Community assemblages were chosen for this study because they can be done at higher 
taxonomic levels, making it appealing for citizen science and rapid in-field assessment, 
and many measures can be performed based on a single dataset set. For this study, % 
dominant taxon, % Chironomidae, % Oligochaeta, % Diptera, % Amphipoda and % EPT 
(Ephemeroptera + Plecoptera + Trichoptera) where computed for each site during each 
season. 
The % dominant taxon essentially measures the redundancy of the dataset where 
if dominance of a single taxon is high, then diversity is typically low. The % dominant 
taxon will increase with sites that have an increase in human influence (Barbour et al., 
1996). The % Oligochaeta calculates the percent of oligochaetes at each site during each 
season. This measure is noted to have a variable response (Barbour et al., 1996), however 
aquatic worms are typically considered pollution tolerant (Jones et al., 2007), so at this 
level of identification, an increase in the % Oligochaeta can indicate an increase in 
human influence at a given site. The % Diptera calculates the percent of true flies at each 
site during each season. Barbour et al. (1996) notes that this number typically increases 
with an increase in human influence at a given site because the number of chironomids 
increase, which dominate the sample. So even though there may be sensitive true flies in 
the dataset, their relative abundance will decrease with an increase in human influence, 




calculation. The % Amphipoda calculates the percent pollution intolerant amphipods at 
each site during each season. Because they are considered pollution intolerant, % 
Amphipoda may decrease as there is an increase in human influence at a given site 
(Barbour et al., 1996). The % EPT calculates the % of pollution intolerant Ephemeroptera 
+ Plecoptera + Trichoptera at each site during each season and will decrease with an 
increase in human influence at a given site (Barbour et al., 1996).  
4.3 Results 
4.3.1 Water Quality 
Good water quality (in the context of a healthy ecosystem) is typically considered 
to have a profile of low turbidity, high dissolved oxygen, low salinity, and low nutrients. 
Two-way ANOVA found significant differences between land-uses. Reference sites (i.e., 
least impacted sites representing ambient conditions) were characterized by significantly 
higher pH (F(2,33) = 5.17, p < 0.05) and significantly lower chloride (F(2,33) = 42.19, p 
< 0.05). Canopy cover was significantly higher at urban sites as compared to reference 
sites (F(2,33) = 3.53, p < 0.05; Figure C2.1), pH was significantly lower for agriculture 
and urban sites as compared to reference sites (F(2,33) = 5.17, p < 0.05; Figure C2.2), 
chloride significantly increased for each land-use (F(2,33) = 42.19, p < 0.05; Figure 
C2.3) and nitrate was significantly higher at urban sites as compared to agriculture sites 
(F(2,33) = 5.63, p < 0.05; Figure C2.4).  
Two-way ANOVA also found significant differences between seasons. Spring 
had significantly higher pH (F(2,33) = 5.46, p < 0.05; Figure C2.2) and turbidity (F(2,33) 
= 9.30, p < 0.05; Figure C2.5) as compared to summer and fall. Fall had significantly 




C2.6). Dissolved oxygen, discharge, TP, TDP, TKN, ammonia-ammonium, and nitrite 
were not significantly different across land-uses or seasons. For 2017 sampling year, 
urban chloride and nitrate concentrations were greater than agriculture sites indicating 
perhaps a slightly poorer water quality based on land-use. Water quality as a whole was 
not impacted by season.  
4.3.2 Periphyton Quantity 
Table 4.1 displays the mean, median and range of periphyton biomass indicators 
of total biomass (based on biovolume), Chla, DW and AFDW for each land-use and 
season. Based on 2-way ANOVA, total biomass (based on biovolume of identified 
periphyton groups) was significantly greater at reference sites as compared to agriculture 
sites (F(2,33) = 3.74, p < 0.05; Figure 4.2) however this did not translate into 
significantly higher biomass indicators as Chla, DW, AFDW were not significantly 
different between land-uses. Total biomass was greatest during the summer, whereas DW 
was greatest during the fall. Chla and AFDW were comparable between all three seasons. 
There was no significant effect of season on periphyton biomass indicators, however total 





Table 4.1. Comparison of mean, median (Med) and range for Total Biomass (mg/cm2), Chlorophyll a (Chla; µg/cm2), dry weight (DW; mg/cm2) and ash free dry 
weight (AFDW; mg/cm2) with respect to each land-use and season category. Total biomass was calculated from biovolume as determined by periphyton group 
identification. 
 Total Biomass Chla DW AFDW 
 Mean Med Range Mean Med Range Mean Med Range Mean Med Range 
Reference 6429.6 2528.7 1445.1 – 
21359.6 
10.7 8.3 0.4 – 
27.8 
29.6 16.2 0.4 – 
138.2 
3.6 2.6 0.1 – 
13.5 
Agriculture 1763.5 1342.0 310.8 – 
5842.1 
7.9 5.8 0.2 – 
41.2 
21.5 12.7 1.2 – 
138.0 
2.2 1.8 0.3 – 
7.7 
Urban 3145.2 2049.9 445.9 – 
12870.8 
8.2 6.9 0.2 – 
42.7 
28.5 18.9 1.1 – 
318.4 
2.5 2.5 0.2 – 
20.9 
             
Spring 2247.9 1751.3 313.9 – 
5842.1 
6.7 5.1 0.2 – 
32.3 
19.4 13.2 0.4 – 
77.6 
2.2 1.8 0.1 – 
6.6 
Summer 4393.1 2753.1 570.8 – 
21359.6 
9.9 8.5 0.2 – 
41.2 
24.6 19.2 1.4 – 
87.1 
2.8 2.7 0.2 – 
7.6 
Fall 3425.5 1682.6 310.8 – 
17713.6 
9.5 6.9 0.5 – 
42.7 
35.8 19.8 1.1 – 
318.4 















Figure 4.2. Clustered barplot (top) and boxplot (bottom) showing 2017 total periphyton biomass (mg/cm2) 
in each season (spring (S), summer (M), fall (F)) for each land-use (Reference (R), Agriculture (A), Urban 
(U)). The total biomass for each season (top) is also presented to greater biomass during the summer as 
compared to the spring and fall. Total biomass was calculated from biovolume as determined by periphyton 
group identification. Summer periphyton biovolume appears to be greater than spring and fall and is 


































Figure 4.3. Linear regression results (F(1,12) = 5.17, p < 0.05, R2 = 0.30) between water column nutrient 
ratio (Nitrogen : Phosphorus) and total periphyton biomass for spring samples. Total biomass was 
calculated from biovolume as determined by periphyton group identification. 
 
Chla and total biomass significantly correlated for the complete dataset (r = 0.44, 
p < 0.05), agriculture sites (r = 0.66, p < 0.05), and spring sampling (r = 0.72, p < 0.05). 
However, for reference sites, urban sites, summer sampling, and fall sampling, Chla and 
total biomass were not correlated. As illustrated by Table 4.1, it is apparent that Chla, 
DW and AFDW were comparable across all land-uses. Mean total algal biomass (Figure 
4.2), Chla (Figure C2.7) and AFDW (Figure C2.8) from urban sites followed a pattern 
where summer and fall biomass were similar with reduced or lower spring biomass. 
When analyzing Chla (Figure C2.7) and AFDW (Figure C2.8) for agriculture sites, they 
were lowest during the fall and greatest during the summer. 
 Pearson correlation results between physicochemical variables and the periphyton 




significant Pearson correlations (r = ≥ ± 0.60, p < 0.05) focused on light availability 
(turbidity and canopy cover), chloride, discharge and nutrients are presented in text. At 
reference sites, chloride was positively correlated with Chla and AFDW. DW was 
negatively correlated with ammonia-ammonium and positively correlated with TDP. 
AFDW was positively correlated with chloride. Euglenophyta biomass was positively 
correlated with TKN. Cyanobacteria was negatively correlated with discharge. 
Charophyta was negatively correlated with TDP. Chrysophyta was positively correlated 
with ammonia-ammonium. At agriculture sites, DW was negatively correlated with TKN. 
Chrysophyta was positively correlated with TKN. At urban sites, Diatom biomass was 
negatively corelated with ammonia-ammonium.  
For spring sites, TDP was negatively correlated with total biomass and diatom 
biomass. Nanoflagellate biomass was positively correlated with nitrite. Charophyta was 
negatively correlated with turbidity. For summer, Chla was negatively correlated with 
ammonia-ammonium (Figure C2.9) and nitrite (Figure C2.10). DW was negatively 
correlated with nitrite. Total biomass was positively correlated with discharge (Figure 
C2.11). Euglenophyta biomass was positively correlated with TKN (Figure C2.12). 
Diatom biomass was negatively correlated with nitrite (Figure C2.10) and positively 
correlated with discharge (Figure C2.11). Chlorophyta was negatively correlated with 
ammonia-ammonium (Figure C2.9). Chrysophyta was negatively correlated with 
discharge (Figure C2.11).  
 For fall, Chla was negatively correlated with canopy cover (Figure C2.13) and 
positively correlated with TP (Figure C2.14). Canopy cover (Figure C2.13) was also 




Table 4.2. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, total 
phosphorus, total dissolved phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, discharge, chloride, 
dissolved oxygen, temperature, pH, canopy cover) and periphyton quantity variables (chlorophyll a, DW, 
AFDW, total biomass, group level identification biomass) by land-use. The relationship between the 
predictor variable on the response variable is provided along with the Pearson r value. Variables were log(x 
+ 1) transformed prior to analyses. Note: TKN = total kjeldahl nitrogen, TDP = total dissolved phosphorus, 
DW = dry weight, AFDW = ash free dry weight, Total biomass = calculated from biovolume as determined 
by periphyton group identification). 






Chloride Chlorophyll a Positive 0.84 
Temperature DW Negative -0.73 
pH DW Negative -0.67 
TDP DW Positive 0.77 
Ammonia-ammonium DW Negative -0.75 
Chloride AFDW Positive 0.88 
Temperature Euglenophyta Positive 0.69 
TKN Euglenophyta Positive 0.77 
Dissolved Oxygen Diatoms Negative -0.72 
Discharge Cyanobacteria Negative -0.69 
TDP Charophyta Negative -0.94 
pH Chrysophyta Positive 0.87 
Ammonia-ammonium Chrysophyta Positive 0.76 
Agriculture 
Dissolved Oxygen DW Positive -0.62 
Turbidity DW Negative -0.56 
TKN DW Negative -0.67 
Nitrite DW Negative -0.55 
Turbidity AFDW Negative -0.55 
Chloride Cyanobacteria Positive 0.55 
Nitrite Cyanobacteria Positive 0.52 
Temperature Charophyta Positive 0.57 
Canopy cover Chlorophyta Negative -0.55 
Dissolved Oxygen Chrysophyta Negative -0.65 
Total Phosphorus Chrysophyta Positive 0.58 
TKN Chrysophyta Positive 0.66 
Urban 
pH Chlorophyll a Positive 0.64 
Dissolved oxygen Chlorophyll a Positive 0.67 
Ammonia-Ammonium Chlorophyll a Negative -0.59 
Chloride DW Negative -0.48 
Chloride AFDW Negative -0.49 
Discharge Total biomass Positive 0.57 
Canopy cover Diatoms Negative -0.49 
pH Diatoms Positive 0.64 
Dissolved oxygen Diatoms Positive 0.64 
Turbidity Diatoms Negative -0.50 
Ammonia-Ammonium Diatoms Negative -0.60 





Table 4.3. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, total 
phosphorus, total dissolved phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, discharge, chloride, 
dissolved oxygen, temperature, pH, canopy cover) and periphyton quantity variables (chlorophyll a, DW, 
AFDW, total biomass, group level identification biomass) by season. The relationship between the 
predictor variable on the response variable is provided along with the Pearson r value. Predictor and 
response variables were log(x + 1) transformed prior to analyses. Note: TKN = total kjeldahl nitrogen, TDP 
= total dissolved phosphorus, DW = dry weight, AFDW = ash free dry weight, Total biomass = calculated 
from biovolume as determined by periphyton group identification). 





Spring TDP Total Biomass Negative -0.69 
 TDP Diatom Negative -0.72 
 Dissolved oxygen Nanoflagellates Negative -0.65 
 Nitrite Nanoflagellate Positive 0.60 
 Temperature Charophyta Negative -0.57 
 Turbidity Charophyta Negative -0.68 
Summer pH Chlorophyll a Positive 0.56 
 Dissolved oxygen Chlorophyll a Positive 0.55 
 Ammonia-Ammonium Chlorophyll a Negative -0.66 
 Nitrite Chlorophyll a Negative -0.59 
 Temperature DW Negative -0.66 
 Dissolved oxygen DW Positive 0.60 
 Nitrite DW Negative -0.57 
 Discharge Total biomass Positive 0.65 
 Temperature Euglenophyta Positive 0.60 
 TKN Euglenophyta Positive 0.62 
 Temperature Diatoms Negative -0.56 
 Discharge Diatoms Positive 0.64 
 Nitrite Diatoms Negative -0.54 
 Ammonia-Ammonium Chlorophyta Negative -0.56 
 Discharge Chrysophyta Negative -0.60 
Fall Canopy Chlorophyll a Negative -0.57 
 pH Chlorophyll a Positive 0.60 
 Total Phosphorus Chlorophyll a Positive 0.55 
 Canopy Cover AFDW Negative -0.58 
 Temperature Euglenophyta Negative -0.56 
 Canopy Cover Diatoms Negative -0.60 
 pH Diatoms Positive 0.60 
 Turbidity Cyanobacteria Positive 0.58 
 pH Charophyta Positive 0.60 
 Canopy Cover Chlorophyta Negative -0.54 








Cyanobacteria was positively correlated with turbidity. Pearson correlation patterns 
revealed that spring and fall periphyton quantity had correlations with phosphorus and 
light availability parameters whereas summer periphyton quantity had correlations with 
nitrogen and discharge (Table 4.4). For the most part, as there was an increase in canopy 
cover or turbidity (or decrease in light availability), there was a correlation with a 
decrease in periphyton quantity (Table 4.4). This was seen in the spring with charophyte 
biomass and during the fall with Chla, AFDW, diatom biomass and chlorophyte biomass. 
However, during the fall, turbidity had a positive relationship with cyanobacteria 
biomass.  
Table 4.4. Table showing the three seasons (Spring, Summer, Fall) and the strong and significant Pearson 
correlation relationships (p < 0.05) between nutrient (phosphorus and nitrogen), discharge and light 
availability (canopy cover and turbidity) and periphyton biomass indicators (chlorophyll a, dry weight and 
ash free dry weight) and Total biomass (calculated from biovolume as determined by periphyton group 
identification). All values were log(x+1) transformed prior to analysis. 





Spring   
   Total Dissolved Phosphorus Negative Total Biomass 
   Total Dissolved Phosphorus Negative Diatom Biomass 
   Turbidity Negative Charophyta Biomass 
Summer   
   Ammonia-ammonium Negative Chlorophyll a 
   Ammonia-ammonium Negative Chlorophyta Biomass 
   Nitrate Negative Chlorophyll a 
   Nitrate Negative Diatom Biomass 
   Nitrite Negative Dry Weight 
   Total Kjeldahl Nitrogen Positive Euglenophyte Biomass 
   Discharge Positive Total Biomass 
   Discharge Positive Diatom Biomass 
   Discharge Negative Chrysophyta Biomass 
Fall   
   Total Phosphorus Positive Chlorophyll a 
   Canopy Cover Negative Chlorophyll a 
   Canopy Cover Negative Ash Free Dry Weight 
   Canopy Cover Negative Diatom Biomass 
   Canopy Cover Negative Chlorophyta Biomass 




Multiple regressions were used to assess the predictive power the 
physicochemical variables had on the periphyton biomass response for each land-use 
category (Table 4.5). There was one significant model for periphyton ash free dry mass at 
reference sites (R2adj. = 0.99, F(7,1) = 650.6,  p = 0.030). For this model, chloride was a 
positive predictor and TP was a negative predictor of AFDW. There were no significant 
models for periphyton biomass parameters at agriculture sites. However, two non-
significant models produced significant individual predictors. Total biomass had pH as a 
positive predictor and Charophyte biomass had turbidity as a negative predictor. Three 
significant models were produced for urban sites.  
The model for Chla (R2adj. = 0.56, F(8,9) = 3.67, p = 0.035) produced pH and TP 
as positive significant predictors. There was one significant model for diatom biomass at 
urban sites (R2adj. = 0.52, F(8,9) = 3.26, p = 0.049) where turbidity was a negative 
predictor and pH was a positive predictor. The model for nanoflagellates (R2adj. = 0.56, 
F(8,9) = 3.67, p = 0.035) produced pH, discharge, chloride, turbidity and nitrate as 
negative predictors and temperature as a positive predictor. There was a non-significant 
model for charophyte biomass (R2adj.= 0.28, F(8,9) = 1.83, p > 0.05) where discharge and 
chloride were significant negative individual predictors. There were three non-significant 
models for urban sites with significant individual predictors. TDP was a positive 
predictor of dry weight and chlorophyte biomass and temperature was a negative 







Table 4.5. Significant multiple linear regression models for 2017. Variables were log(x+1) transformed to 
meet parametric assumptions. Predictor variables: Dissolved Oxygen (DO), pH, Turbidity (Turb), 
Conductivity (Cond), Chloride (Cl), Temperature (Temp), Total Phosphorus (TP), Total Nitrogen (TN), 
total kjeldahl nitrogen (TKN), Ammonia-ammonium (AaAm), Nitrite (NO2), Nitrate (NO3), Canopy Cover 
(Can), Discharge (Dis). Response variables: periphyton biomass (Chlorophyll a, Dry Weight, Ash Free Dry 
Weight (AFDW)) and algal biomass (Euglenophyta, Diatoms, Cyanobacteria, Nanoflagellates, Charophyta, 
Chlorophyta, Chrysophyta). Highly correlated (r ≥ ± 0.70, p ≤ 0.05) predictor variables were removed. 
Category Response Variable Model Significant Predictors Relationship 
Complete 
Dataset 
Dry Weight R2adj. = 0.34, 
F(13,24) = 2.48, 
p = 0.026 
-  
Euglenophytes R2adj.  = 0.31, 
F(13,24) = 2.30, 





Nanoflagellates R2adj.  = 0.49 
F(13,24) = 3.71, 





Chrysophytes R2adj. = 0.41, 
F(13,24) = 2.96, 






AFDW R2adj.  = 0.99, 
F(7,1) = 650.6, 






Nanoflagellates R2adj.  = 0.99, 
F(7,1) = 85.14, 






Total Biomass R2adj.  = 0.52, 
F(11,3) = 2.35, 





Charophyte R2adj.  = 0.81, 
F(11,3) = 6.44, 
p > 0.05 
Turb - 
Urban 
Chlorophyll a R2adj.  = 0.56 
F(8,9) = 3.67, 





Diatoms R2adj.  = 0.52 
F(8,9) = 3.26, 





Nanoflagellate R2adj.  = 0.74 
F(8,9) = 7.04, 
p = 0.0042 





Charophyte R2adj.  = 0.28, 
F(8,9) = 1.83, 
p > 0.05 
Dis, Cl - 
Spring Cyanobacteria R2adj.  = 0.86 
F(10,3) = 9.32, 
p = 0.046 
Temp, Dis, NO3 




Chlorophytes R2adj.  = 0.90 
F(10,3) = 12.58, 
p = 0.030 
Temp, TP, NO2 
pH, Cl, TKN 
- 
+ 
Chrysophytes R2adj.  = 0.52 
F(10,3) = 2.39, 








There was one significant multiple regression model for cyanobacteria for spring 
sampling. Temperature, discharge and nitrate were negative predictors for cyanobacteria 
biomass whereas canopy cover, DO and TKN were positive predictors. There were no 
significant models or individual predictors for summer sampling. Temperature, TP and 
nitrite were significant negative predictors of chlorophyte biomass and pH, chloride and 
TKN were significant positive predictors for chlorophyte biomass for fall sampling (R2adj. 
= 0.90, F(10,3) = 12.58, p = 0.030). There was not a significant model for Chrysophyta 
biomass however there were three significant individual predictors where nitrate was a 
negative predictor and chloride and TKN were positive predictors. 
4.3.3 Periphyton Nutrient Content 
Table 4.6 displays the mean, median and range of elemental composition of Peri 
C, N and P by land-use and season. Peri C and N were greatest at reference sites and P 
was comparable across all land-uses, however there was no significant difference 
between any land-use and periphyton elemental composition. Spring had the lowest Peri 
C, N and P and fall had the greatest Peri C and P. Table 4.7 displays the mean, median 
and range of periphyton molar ratios of C:N, C:P and N:P for each land-use and season. 
C:N was comparable between land-uses. Two-way ANOVA determined one significant 
relationship. C:P was significantly greater at reference sites as compared to agriculture 
sites (F(2,33) = 3.43, p < 0.05; Figure C2.15). N:P was slightly higher at reference sites 
however there was no significant difference to the other land-uses. C:N was comparable 





Table 4.8 shows the significant Pearson correlation results between 
physicochemical predictor variables and the periphyton quality response variables by 
land-use. At reference sites, discharge was negatively correlated with Peri C, Peri N, C:P 
and N:P (Figure C2.16). Chloride was positively correlated with Peri C and Peri N. 
Temperature was negatively correlated with Peri P and positively correlated with C:P and 
N:P. Turbidity was negatively correlated with Peri P, and positively correlated with C:P 
and N:P (Figure C2.17). TKN was negatively correlated with Peri P and positively 
correlated with C:P and N:P (Figure C2.18). Nitrite was positively correlated with C:P 
and N:P. For agriculture sites, turbidity was negatively correlated with Peri C, Peri N, 
Peri P and C:N (Figure C2.19). TKN was negatively correlated with Peri P and C:N 
(Figure C2.20). Peri P was also negatively correlated with ammonia-ammonium. C:N 
was negatively correlated with nitrite (Figure C2.21) and ammonia-ammonium and 
positively correlated with DO. For urban sites, DO was positively correlated with Peri C 
and Peri N and chloride was negatively correlated with Peri P.  
Table 4.9 shows the significant Pearson correlation results between 
physicochemical predictor variables and the periphyton quality response variables by 
season. For spring, dissolved oxygen was positively correlated with Peri C and Peri N. 
Nitrate was positively correlated with Peri P (Figure C2.22) and turbidity was negatively 
correlated with C:N, however this relationship appears more linear (Figure C2.22). TDP 
was negatively correlated with N:P (Figure C2.23). For summer, TDP was negatively 
correlated with Peri C (Figure C2.24). Ammonia-ammonium was negatively correlated 




Table 4.6. Comparison of mean, median and range for periphyton Carbon, Nitrogen and Phosphorus (all µg/cm2) with respect to each land-use and season 
category. 
 Carbon Nitrogen Phosphorus 
 Mean Median Range Mean Median Range Mean Median Range 
Reference 2988.3 2297.9 81.4 – 9495.4 129.0 101.9 3.2 – 433.7 10.1 6.8 0.2 – 42.0 
Agriculture 1876.7 1212.4 93.6 – 9830.3 76.8 68.0 8.8 – 322.0 10.0 8.5 1.1 – 35.4 
Urban 2413.8 1761.3 97.9 – 14557.6 111.1 85.7 3.9 – 742.0 10.9 9.5 0.6 – 40.5 
          
Spring 1885.3 1167.5 81.4 – 9830.3 86.5 70.4 3.2 – 314.8 8.5 6.6 0.2 – 20.1 
Summer 2440.9 2001.5 134.6 – 14557.6 114.9 97.5 4.1 – 742.0 10.3 9.2 0.7 – 35.4 
Fall 2810.6 1758.8 93.6 – 13370.4 111.5 90.9 3.9 – 433.7 12.6 9.8 0.6 – 42.0 
 
 
Table 4.7. Comparison of mean, median and range for molar ratios of periphyton Carbon (C):Nitrogen (N), C:Phosphorus (P) and N:P with respect to each land-
use and season category. 
 C:N C:P N:P 
 Mean Median Range Mean Median Range Mean Median Range 
Reference 26.3 26.0 12.1 – 44.3 1070.6 853.2 230.4 – 2672.8 41.5 33.6 5.9 – 99.9 
Agriculture 26.7 23.9 11.7 – 66.0   445.4 410.6 145.8 – 1338.0 17.7 16.0 3.2 – 45.4 
Urban 25.4 22.9 10.0 – 76.6 563.8 492.4 82.1 – 3745.8 23.7 21.2 5.1 – 163.6 
          
Spring 24.1 22.8 11.8 – 66.0 611.8 469.0 145.6 – 2672.8 25.5 21.7 6.2 – 99.9 
Summer 26.3 24.2 10.0 – 55.7 709.3 537.9 116.4 – 3745.8 28.8 22.6 3.2 – 163.6 







Table 4.8. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, total 
phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, discharge, chloride, dissolved oxygen, 
temperature, pH, canopy cover) and periphyton quality variables (periphyton C/N/P content, C:N, C:P and 
N:P) by land-use. The relationship between the predictor variable on the response variable is provided 
along with the Pearson r value. Variables were log(x + 1) transformed prior to analyses. Note: TKN = total 
kjeldahl nitrogen, C = carbon, N = nitrogen, P = Phosphorus). 






Discharge Periphyton C Negative -0.69 
Chloride Periphyton C Positive 0.93 
Discharge Periphyton N Negative -0.71 
Chloride Periphyton N Positive 0.87 
Temperature Periphyton P Negative -0.86 
Turbidity Periphyton P Negative -0.71 
TKN Periphyton P Negative -0.72 
Temperature C:P Positive 0.72 
Discharge C:P Negative -0.77 
Turbidity C:P Positive 0.83 
TKN C:P Positive 0.90 
Nitrite C:P Positive 0.90 
Temperature N:P Positive 0.75 
Discharge N:P Negative -0.73 
Turbidity N:P Positive 0.80 
TKN N:P Positive 0.89 
Nitrite N:P Positive 0.85 
Agriculture 
Turbidity Periphyton C Negative -0.65 
Turbidity Periphyton N Negative -0.54 
Turbidity Periphyton P Negative -0.60 
TKN Periphyton P Negative -0.60 
Ammonia-Ammonium Periphyton P Negative -0.56 
Dissolved Oxygen C:N Positive 0.62 
Turbidity C:N Negative -0.54 
TKN C:N Negative -0.67 
Ammonia-Ammonium C:N Negative -0.52 
Nitrite C:N Negative -0.54 
Urban 
Dissolved Oxygen Periphyton C Positive 0.57 
Dissolved Oxygen Periphyton N Positive 0.50 














Table 4.9. Significant (p < 0.05) Pearson correlations (r) for physicochemical variables (nitrate, total 
phosphorus, TKN, ammonia-ammonium, nitrite, turbidity, discharge, chloride, dissolved oxygen, 
temperature, pH, canopy cover) and periphyton quality variables (periphyton C/N/P content, C:N, C:P and 
N:P) by season. The relationship between the predictor variable on the response variable is provided along 
with the Pearson r value. Variables were log(x + 1) transformed prior to analyses. Note: TKN = total 
kjeldahl nitrogen, C = carbon, N = nitrogen, P = Phosphorus). 





Spring Dissolved Oxygen Periphyton C Positive 0.59 
 Dissolved Oxygen Periphyton N Positive 0.56 
 Nitrate Periphyton P Positive 0.55 
 Turbidity C:N Negative -0.58 
 TDP N:P Negative -0.57 
Summer TDP Periphyton C Negative -0.55 
 Ammonia-Ammonium Periphyton C Negative -0.54 
 Turbidity Periphyton P Negative -0.62 
 Ammonia-Ammonium Periphyton P Negative -0.61 
Fall TKN C:N Negative -0.65 
 Canopy Cover C:P Negative -0.59 
 
For fall, TKN was negatively correlated with C:N (Figure C2.25) and Canopy cover was 
negatively correlated with C:P (Figure C2.25). 
To isolate the correlations between the primary drivers of periphyton nutrient 
content, Table 4.10 shows the response of periphyton by land-use and season at greater 
values of water column nutrients, light availability and flow. Periphyton nutrient content 
at reference sites correlated with discharge where higher discharge rates correlated with 
decreases in Peri C, Peri N, C:P and N:P. For light availability, lower fall C:P ratio was 
the only periphyton parameter to correlated with greater canopy cover. There were more 




Table 4.10. Results of strong and statistically significant (r = ≥ ± 0.60, p < 0.05) Pearson correlations for nutrients (Total Dissolved Phosphorus, Total Kjeldahl 
Nitrogen, Nitrite, Nitrate), Discharge and light availability (Turbidity and Canopy cover). Up arrow indicates an increase in that parameter and a down arrow 
indicates a decrease in that parameter. Potential food quality conclusions based on the periphyton of the physicochemical parameters are indicated with symbols: 
*increase in food quality, ~decrease in food quality. Variables were log(x + 1) transformed prior to analyses. 
 ↑ Total 
     Dissolved 
     Phosphorus 
↑ Total 
     Kjeldahl 
     Nitrogen 
↑ Nitrite ↑ Nitrate ↑ Discharge ↑ Turbidity ↑ Canopy 
     Cover 
Land-use        





















   Urban        
Season        
   Spring ↓ N:P*   ↑ P*  ↓ C:N*  
   Summer ↓ C*     ↓ P~  








amounts of Peri C, N and P and C:N were correlated with greater turbidity and higher 
C:P and N:P were correlated with greater turbidity (at reference sites only). There were 
few correlations between periphyton nutrient content and TDP, nitrite and nitrate, 
however TKN had several correlations across multiple categories. 
To explore periphyton nutrient limitation of growth, the mean (± standard 
deviation) of C:nutrient ratios were compared to Redfield (1958) and Hillebrand and 
Sommer (1999) defined ratios for oceanic plankton and freshwater periphyton, 
respectively (see Table 4.11). For C:N (Table 4.12), all replicates sampled for each 
sampling category were above Redfield (1958), C:N = 6.6, and Hillebrand and Sommer 
(1999), C:N = 7. For C:P (Table 4.13), two replicates (both urban) fell below the defined 
Hillebrand and Sommer (1999) ratio, UXB during the fall and HOT during the summer. 
Table 4.14, shows the number of replicates in each category above or below the defined 
Redfield (1958) and Hillebrand and Sommer (1999) ratios for mean N:P. Replicates from 
reference sites had the highest percentage above the defined ratio whereas agriculture 
sites the majority of the replicates were below the defined ratio. Water column N:P ratio 
did not predict and it did not correlate with periphyton N:P ratio for any sampling 
category (Table 4.15). Although the 1-way ANOVA was not significant at a cutoff of p < 
0.05, at p < 0.01, there was a negative relationship between water column N:P and 








Table 4.11. Mean (± standard deviation) molar ratios of periphyton carbon (C), nitrogen (N) and 
phosphorus (P), based on all replicates from each season (spring, summer, fall) and land-use (reference, 
agriculture, urban). For reference, the Redfield (1958) ratio, based on oceanic plankton, denoted as Red, 
and Hillebrand and Sommer (1999) ratio, based on laboratory analysis of freshwater periphyton, denoted as 
HS, are provided.   
 
 C:N 
Red: 6.6, HS: 7 
C:P 
Red: 106, HS: 119 
N:P 
Red: 16, HS: 17 
Complete 26.0 ± 10.2 637.0 ± 544.3 25.7 ± 21.2 
Spring 24.1 ± 9.1 611.8 ± 468.4 25.5 ± 16.5 
Summer 26.3 ± 9.4 709.3 ± 631.9 28.8 ± 26.5 
Fall 27.9 ± 11.9 591.4 ± 526.7 22.7 ± 19.7 
Reference 26.3 ± 5.7 1070.6 ± 760.5 41.5 ± 28.6 
Agriculture 26.7 ± 11.5 445.4 ± 239.0 17.7 ± 8.0 
Urban 25.4 ± 11.0 563.8 ± 458.1 23.7 ± 19.5 
Conclusions to Ratios Greater than Greater than Greater than 
 
Table 4.12. Number of replicates that are above or below the Redfield (1958) and Hillebrand and Sommer 
(1999) stoichiometric molar ratio of Carbon : Nitrogen (C:N) for the complete dataset, season (spring, 
summer, fall) and land-use (reference, agriculture, urban). The number of replicates (Nreplicates) for each 
category is provided. The percentage of replicates of each ratio above or below are noted in brackets. The 
Redfield (1958) ratio, based on oceanic plankton, denoted as Red, and Hillebrand and Sommer (1999) ratio, 
based on laboratory analysis of freshwater periphyton, denoted as HS, are provided. Deviations much 
greater than the defined ratios may be considered Nitrogen limited for periphyton growth.  
C:N  Redfield HS 
 Nreplicates Red: ≥ 6.6 Red: < 6.6 HS: ≥ 7 HS: < 7 
Complete 165 165 (100%) 0 165 (100%) 0 
Spring 57 57 (100%) 0 57 (100%) 0 
Summer 54 54 (100%) 0 54 (100%) 0 
Fall 54 54 (100%) 0 54 (100%) 0 
Reference 37 37 (100%) 0 37 (100%) 0 
Agriculture 54 54 (100%) 0 54 (100%) 0 












Table 4.13. Number of replicates that are above or below the Redfield (1958) and Hillebrand and Sommer 
(1999) stoichiometric molar ratio of Carbon : Phosphorus (C:P) for the complete dataset, season (spring, 
summer, fall) and land-use (reference, agriculture, urban). The number of replicates (Nreplicates) for each 
category is provided. The percentage of replicates of each ratio above or below are noted in brackets. The 
Redfield (1958) ratio, based on oceanic plankton, denoted as Red, and Hillebrand and Sommer (1999) ratio, 
based on laboratory analysis of freshwater periphyton, denoted as HS, are provided. Deviations much 
greater than the defined ratios may be considered Phosphorus limited for periphyton growth.  
C:P  Redfield HS 
 Nreplicates Red: ≥ 106 Red: < 
106 
HS: ≥ 119 HS: < 119 
Complete 165 164 (99%) 1 (1%) 163 (99%) 2 (1%) 
Spring 57 57 (100%) 0 57 (100%) 0 
Summer 54 54 (100%) 0 53 (98%) 1 (2%) 
Fall 54 53 (98%) 1 (2%) 53 (98%) 1 (2%) 
Reference 37 37 (100%) 0 37 (100%) 0 
Agriculture 54 54 (100%) 0 54 (100%) 0 
Urban 74 74 (100%) 1 72 (97%) 2 (3%) 
 
Table 4.14. Number of replicates that are above or below the Redfield (1958) and Hillebrand and Sommer 
(1999) stoichiometric molar ratio of Nitrogen:Phosphorus (N:P) for the complete dataset, season (spring, 
summer, fall) and land-use (reference, agriculture, urban). The number of replicates (Nreplicates) for each 
category is provided. The percentage of replicates of each ratio above or below are noted in brackets. The 
Redfield (1958) ratio, based on oceanic plankton, denoted as Red, and Hillebrand and Sommer (1999) ratio, 
based on laboratory analysis of freshwater periphyton, denoted as HS, are provided. Deviations much 
greater than the defined ratios are considered to be Phosphorus limited for periphyton growth (O’Brien and 
Wehr, 2010). 
N:P  Redfield HS 
 Nreplicates Red: ≥ 16 Red: < 16 HS: ≥ 17 HS: < 17 
Complete 165 105 (64%) 60 (36%) 100 (61%) 65 (39%) 
Spring 57 38 (67%) 19 (33%) 37 (65%) 20 (35%) 
Summer 54 36 (67%) 18 (33%) 35 (65%) 19 (35%) 
Fall 54 31 (57%) 23 (43%) 28 (52%) 26 (48%) 
Reference 37 28 (76%) 9 (24%) 26 (70%) 11 (30%) 
Agriculture 54 26 (48%) 28 (52%) 25 (46%) 29 (54%) 











Table 4.15. Mean ± standard deviation molar ratio of periphyton and water column nitrogen (N) and 
phosphorus (P), from each season (spring, summer, fall) and land-use (reference, agriculture, urban).  











Complete 25.7 ± 21.2 39.9 ± 46.2 No (p > 0.05) No (p > 0.05) 
Spring 25.5 ± 16.5 25.8 ± 15.6 No (p > 0.05) No (p > 0.05) 
Summer 28.8 ± 26.5 28.6 ± 21.0 No (p > 0.05) No (p > 0.05) 
Fall 22.7 ± 19.7 65.3 ± 70.7 No (p > 0.05) No (p > 0.05) 
Reference 41.5 ± 28.6 33.3 ± 17.3 No (p > 0.05) No (p > 0.05) 
Agriculture 17.7 ± 8.0 23.5 ± 17.5 No (p > 0.05) No (p > 0.05) 
Urban 23.7 ± 19.5 56.9 ± 64.7 No, p < 0.01,  
R2 = 0.18 
No, p < 0.01,  
r = - 0.42 
 
Multiple regressions were used to assess the predictive power the 
physicochemical variables had on the periphyton stoichiometry for each land-use 
category (Table 4.16). There were two significant models for reference sites. TP was a 
significant negative predictor and chloride was a significant positive predictor of Peri C 
(R2adj. = 0.99, F(7,1) = 1371, p = 0.021). Temperature was a significant negative predictor 
and DO and chloride was a significant positive predictor of Peri P (R2adj. = 0.99, F(7,1) = 
256.2, p = 0.048). For agriculture sites, there were three significant models. For Peri C, 
discharge was a negative significant predictor and pH and TP were significant positive 
predictors. For C:P, temperature, dissolved oxygen and ammonia-ammonium were 
significant negative predictors and pH and nitrate were significant positive predictors. 
Finally, N:P were significantly negatively predicted by dissolved oxygen and 
significantly positively predicted by pH and discharge. There were two non-significant 
models for urban sites that had significant individual predictors. Canopy cover was a 
significant negative predictor and chloride was a significant positive predictor of C:N. 




Table 4.16. Multiple linear regression results for 2017 data highlighting significant and/or strong models 
and significant individual predictors. Predictor and response variables were log(x+1) transformed to meet 
the assumptions of normality and homoscedasticity. Predictor variables included Dissolved Oxygen (DO), 
pH, Turbidity (Turb), Conductivity (Cond), Chloride (Cl), Temperature (Temp), Total Phosphorus (TP), 
Total Nitrogen (TN), total kjeldahl nitrogen (TKN), Ammonia-ammonium (AaAm), Nitrite (NO2), Nitrate 
(NO3), Canopy Cover (Can), Discharge (Dis). Response variables included periphyton carbon content 
(PeriC), periphyton nitrogen content (PeriN), periphyton phosphorus content (PeriP), Carbon:Nitrogren 
molar ratio (C:N), carbon:phosphorus molar ratio (C:P), nitrogen:phosphorus molar ratio (N:P), Highly 
correlated and significant (r ≥ ± 0.70, p ≤ 0.05) predictor variables were removed prior to analysis.  




Peri C R2adj. = 0.99 
F(7,1) = 1371, 





Peri P R2adj. = 0.99 
F(7,1) = 256.2, 






Peri C R2adj.= 0.89 
F(11,3) = 10.85, 





C:P R2adj. = 0.89 
F(11,3) = 11.81, 
p = 0.033 




N:P R2adj. = 0.91 
F(11,3) = 13.23, 






C:N R2adj. = 0.26 
F(8,9) = 1.77, 





C:P R2adj. = 0.26 
F(8,9) = 1.75, 
p > 0.05 
Turb, NO3 - 
 
There were no significant multiple regression models nor significant individual 









Figure 4.4. Linear regression between water column Nitrogen (N) : Phosphorus (P) and periphyton N:P 
molar ratios for urban sites. Although not significant at an alpha of p < 0.05, at p < 0.01, water column N:P 
negatively predicted periphyton N:P (F(1,16) = 3.41, p < 0.01, R2 = 0.18). Variables were log(x+1) 
transformed prior to analysis. 
 
4.3.4 Consumers 
Herbivores were present in all sites and seasons with the majority of sites 
dominated by Chironomidae or Oligochaeta (Figure C2.26 – C2.28). Herbivores had the 
greatest total abundance during the spring with 8932 individuals and fall with 8557 
individuals (Figure C2.29). However, during the spring, the total herbivores were greatest 
from urban sites whereas during the fall, total herbivores were greatest from agriculture 
sites (Figure C2.29). Reference site herbivores were consistently low from all seasons 
(Figure C2.29). There was a substantial amount of crayfish at WHI that were not captured 
by the kick net which may have contributed to low herbivore abundance. The total 
number of herbivores by identification are shown for each season by each land-use in 
Figures C2.30 – C2.32. Greatest changes in herbivores were seen from Chironomidae, 
Oligochaeta, Trichoptera and Copepoda. There were more chironomids during the fall 
(Figure C2.32) at agriculture sites as compared to more chironomids at urban sites during 




the spring and lower during the summer and fall. Trichoptera were low during the spring 
and greater during the summer and fall. Copepoda were low during the spring then 
increase to just below 200 at agriculture sites during the summer then increased again to 
over 500 during the fall.  
Based on ANOVAs, season had a significant effect on herbivores for the 
complete dataset (F(2,33) = 12.30, p < 0.05), reference sites (F(2,6) = 8.42, p < 0.05) and 
urban sites (F(2,15) = 5.74, p < 0.05). For the complete dataset (Figure C2.33), where fall 
was significantly different (lower) than the other seasons. For reference and urban 
(Figure C2.34), fall sampling was significantly lower than spring sampling. Furthermore, 
for fall sampling, land-use had a significant effect on Herbivores (F(2,11) = 4.14, p < 
0.05) where reference sites were significantly lower than agriculture (Figure C2.35). 
Land-use had a significant effect on gastropods for the complete dataset (F(2,33) = 7.07, 
p < 0.05; Figure C2.36) and summer sampling (F(2,11) = 5.63, p < 0.05; Figure C2.37) 
where in both cases agriculture land-use had a greater proportion of gastropods. 
Table 4.17 shows the significant linear regressions between physicochemical, 
periphyton quantity and periphyton nutrient content predictor variables and herbivore 
response variable. Several physicochemical and periphyton predictor parameters were 
negative predictors of herbivore proportions. For the complete dataset (Figure 4.5), 
nitrate (F(1,40) = 4.60, R2 = 0.10, p < 0.05) was the only significant physicochemical 
negative predictor. Chla (F(1,40) = 6.01, R2 = 0.13, p < 0.05) , AFDW (F(1,40) = 4.50, 
R2 = 0.10, p < 0.05), Peri C (F(1,40) = 8.50, R2 = 18, p < 0.05), Peri P (F(1,40) = 4.70, R2 





Table 4.17. Significant (p < 0.05) linear regressions for physicochemical and periphyton predictor variables 
and herbivore response variable. The relationship of the predictor variable on the response variable is 
provided along with the F value (degrees of freed; df) and R2. Predictor variables were log(x + 1) 
transformed and response variables were arcsin(√ (x)) transformed prior to analyses. 
Category Predictor Parameters Invertebrate 
Response 
Relationship F value (df) R2 
Complete 
Dataset 
Nitrate Herbivore Negative 4.60 (1,40) 0.10 
Chlorophyll a Herbivore Negative 6.01 (1,40) 0.13 
Ash Free Dry Weight Herbivore Negative 4.50 (1,40) 0.10 
Periphyton Carbon Herbivore Negative 8.50 (1,40) 0.18 
Periphyton Phosphorus Herbivore Negative 4.70 (1,40) 0.11 
Carbon:Nitrogen Herbivore Negative 9.68 (1,40) 0.20 
Spring 
Discharge Herbivore Negative 5.02 (1,12) 0.30 
Chlorophyll a Herbivore Negative 10.21 (1,12) 0.46 
Ash Free Dry Weight Herbivore Negative 6.26 (1,12) 0.34 
Periphyton Carbon Herbivore Negative 9.45 (1,12) 0.44 
Periphyton Nitrogen Herbivore Negative 11.08 (1,12) 0.48 
Carbon:Phosphorus Herbivore Negative 5.35 (1,12) 0.31 
Summer Nitrate Herbivore Negative 12.98 (1,12) 0.52 
Fall -     
Reference 
Chloride Herbivore Negative 8.01 (1,7) 0.53 
Chlorophyll a Herbivore Negative 6.51 (1,7) 0.48 
Periphyton Phosphorus Herbivore Negative 5.95 (1,7) 0.46 
Agriculture Nitrate Herbivore Positive 5.85 (1,13) 0.31 
Urban 
Nitrate Herbivore Negative 5.94 (1,16) 0.27 
Carbon:Nitrogen Herbivore Negative 8.87 (1,16) 0.36 
 
Seasonally (Table 4.17), there were six significant negative predictors for 
herbivore proportions for spring sampling (Figure 4.6); discharge (F(1,12) = 5.02, R2 = 
0.30, p < 0.05), Chla (F(1,12) = 5.02, R2 = 0.30, p < 0.05), AFDW (F(1,12) = 5.02, R2 = 
0.30, p < 0.05), Peri C (F(1,12) = 5.02, R2 = 0.30, p < 0.05), Peri N (F(1,12) = 5.02, R2 = 
0.30, p < 0.05) and C:P (F(1,12) = 5.02, R2 = 0.30, p < 0.05). For summer sampling 
(Figure 4.7), nitrate was the only significant negative predictor of herbivore proportions 






Figure 4.5. Significant linear regressions between average nitrate, periphyton quantity, and periphyton 
nutrient content predictor variables with Herbivore response variable for the complete dataset. Predictor 
variables were log(x+1) transformed and the response variable was arcsin(√(x)) transformed prior to 
analysis and graphing. Significant parameters (with regression results) are nitrate (F(1,40) = 4.60, R2 = 
0.10, p < 0.05), Chla (F(1,40) = 6.01, R2 = 0.13, p < 0.05) , AFDW (F(1,40) = 4.50, R2 = 0.10, p < 0.05), 
Peri C (F(1,40) = 8.50, R2 = 18, p < 0.05), Peri P (F(1,40) = 4.70, R2 = 0.11, p < 0.05) and C:N (9.68, R2 = 
0.20, p < 0.05). 
 
Figure 4.6. Significant linear regressions between average discharge, periphyton quantity, and periphyton 
nutrient content predictor variables with Herbivore response variable for the spring dataset. Predictor 
variables were log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis and 
graphing. Significant parameters (with regression results) are discharge (F(1,12) = 5.02, R2 = 0.30, p < 
0.05), Chla (F(1,12) = 5.02, R2 = 0.30, p < 0.05), AFDW (F(1,12) = 5.02, R2 = 0.30, p < 0.05), Peri C 
(F(1,12) = 5.02, R2 = 0.30, p < 0.05), Peri N (F(1,12) = 5.02, R2 = 0.30, p < 0.05) and C:P (F(1,12) = 5.02, 





Figure 4.7. Significant linear regression between nitrate (F(1,12) = 12.98, R2 = 0.52, p < 0.05) and 
Herbivore response variable for the summer dataset. Predictor variable was log(x+1) and the response 
variable was arcsin(√(x)) transformed prior to analysis and graphing.  
 
For land-use (Table 4.17), there were three significant negative predictors for 
reference sites (Figure 4.8); Cl (F (1,7) = 8.01, R2 = 0.53, p < 0.05), Chla (F (1,7) = 8.01, 
R2 = 0.53, p < 0.05) and Peri P (F (1,7) = 8.01, R2 = 0.53, p < 0.05). For agriculture sites 
(Figure 4.9), nitrate was the only significant predictor and the only positive predictor of 
herbivores (F (1,13) = 5.85, R2 = 0.31, p < 0.05). Finally, for urban sites (Figure 4.10), 
there were two significant predictors including nitrate (F(1,16) = 5.94, R2 = 0.27, p < 
0.05) and C:N (F(1,16) = 8.87, R2 = 0.36, p < 0.05).  
Transformed Herbivores and Gastropoda parameters were correlated for complete 
(r = 0.32, p < 0.05) and summer (r = 0.57, p < 0.05) datasets. Which highlights some of 






Table 4.18. Significant (p < 0.05) linear regressions for physicochemical and periphyton predictor variables 
and herbivore response variable. The relationship of the predictor variable on the response variable is 
provided along with the F value (degrees of freed; df) and R2. Predictor variables were log(x + 1) 
transformed and response variables were arcsine(√(x)) transformed prior to analyses. 
Category Predictor Parameters Invertebrate 
Response 
Relationship F value (df) R2 
Complete 
Dataset 
Nitrate Gastropoda Negative 7.77 (1,40) 0.16 
Chlorophyll a Gastropoda Negative 8.11 (1,40) 0.17 
Periphyton Carbon Gastropoda Negative 6.57 (1,40) 0.14 
Carbon:Nitrogen Gastropoda Negative 5.33 (1,40) 0.12 
Carbon:Phosphorus Gastropoda Negative 8.02 (1,40) 0.17 
Spring 
Total Phosphorus Gastropoda Positive 5.64 (1,12) 0.32 
Periphyton Carbon Gastropoda Negative 5.58 (1,12) 0.32 
Summer Nitrate Gastropoda Negative 5.71 (1,12) 0.32 
Fall 
Discharge Gastropoda Positive 5.44 (1,12) 0.31 
Chlorophyll a Gastropoda Negative 4.86 (1,12) 0.29 
Reference -     
Agriculture 
Periphyton C Gastropoda Negative 6.73 (1,13) 0.34 
Carbon:Nitrogen Gastropoda Negative 5.88 (1,13) 0.31 
Carbon:Phosphorus Gastropoda Negative 10.66 (1,13) 0.45 
Urban 
Nitrate Gastropoda Negative 5.89 (1,16) 0.27 
Discharge Gastropoda Positive 6.73 (1,16) 0.30 








Figure 4.8. Significant linear regressions between average chloride and periphyton quantity, and periphyton 
nutrient content predictor variables with Herbivore response variable for the reference site dataset. 
Predictor variables were log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis 
and graphing. Significant parameters (with regression results) are discharge Cl (F (1,7) = 8.01, R2 = 0.53, p 
< 0.05), Chla (F (1,7) = 8.01, R2 = 0.53, p < 0.05) and Peri P (F (1,7) = 8.01, R2 = 0.53, p < 0.05). 
 
Figure 4.9. Significant linear regression between nitrate (F (1,13) = 5.85, R2 = 0.31, p < 0.05) and 
Herbivore response variable for the agriculture site dataset. Predictor variable was log(x+1) and the 




Table 4.18 shows the significant linear regressions between physicochemical, 
periphyton quantity and periphyton nutrient content predictor variables and Gastropoda 
response variable. For the complete dataset (Figure 4.11), there were five significant 
negative predictors of gastropods, which included nitrate (F(1,40) = 7.77, R2 = 0.16, p < 
0.05), Chla (F(1,40) = 8.11, R2 = 0.17, p < 0.05), Peri C (F(1,40) = 6.57, R2 = 0.14, p < 
0.05), C:N (F(1,40) = 5.33, R2 = 0.12, p < 0.05) and C:P (F(1,40) = 8.02, R2 = 0.17, p < 
0.05).  
 
Figure 4.10. Significant linear regressions between nitrate and periphyton Carbon:Nitrogen predictor 
variables with Herbivore response variable for the urban site dataset. Predictor variables were log(x+1) and 
the response variable was arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters 
(with regression results) are nitrate (F(1,16) = 5.94, R2 = 0.27, p < 0.05) and average C:N (F(1,16) = 8.87, 









Figure 4.11. Significant linear regressions between mean nitrate, periphyton quantity, and periphyton 
nutrient content predictor variables with Gastropoda response variable for the complete dataset. Predictor 
variables were log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis and 
graphing. Significant parameters (with regression results) are nitrate (F(1,40) = 7.77, R2 = 0.16, p < 0.05), 
Chla (F(1,40) = 8.11, R2 = 0.17, p < 0.05), Peri C (F(1,40) = 6.57, R2 = 0.14, p < 0.05), C:N (F(1,40) = 
5.33, R2 = 0.12, p < 0.05) and C:P (F(1,40) = 8.02, R2 = 0.17, p < 0.05). 
 
Seasonally (Table 4.18), TP (F(1,12) = 5.64, R2 = 0.32, p < 0.05) and Peri C 
(F(1,12) = 5.58, R2 = 0.32, p < 0.05) were positive and negative predictors of spring 
sampling, respectively (Figure 4.12). For summer (Figure 4.13), nitrate was the only 
negative predictor (F(1,12) = 5.71, R2 = 0.32, p < 0.05) and there were two significant 
predictors for fall (Figure 4.14), where discharge (F(1,12) = 5.44, R2 = 0.31, p < 0.05) 
was a positive predictor and Chla (F(1,12) = 4.86, R2 = 0.29, p < 0.05) was a negative 





Figure 4.12. Significant linear regressions between total phosphorus and periphyton carbon predictor 
variables with Gastropoda response variable for the spring dataset. Predictor variables were log(x+1) and 
the response variable was arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters 
(with regression results) are TP (F(1,12) = 5.64, R2 = 0.32, p < 0.05) and average Peri C (F(1,12) = 5.58, R2 
= 0.32, p < 0.05). 
 
 
Figure 4.13. Significant linear regressions between physicochemical variable, nitrate (F(1,12) = 5.71, R2 = 
0.32, p < 0.05), with Gastropoda response variable for the summer dataset. Predictor variables were 





Figure 4.14. Significant linear regressions between mean discharge and periphyton chlorophyll a predictor 
variables with Gastropoda response variable for the fall dataset. Predictor variables were log(x+1) and the 
response variable was arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters (with 
regression results) are discharge (F(1,12) = 5.44, R2 = 0.31, p < 0.05) and Chla (F(1,12) = 4.86, R2 = 0.29, p 
< 0.05). 
 
For land-use categories (Table 4.18), there were no significant linear regression 
predictors for reference sites. For agriculture sites (Figure 4.15), Peri C (F(1,13) = 6.73, 
R2 = 0.34, p < 0.05), C:N (F(1,13) = 5.88, R2 = 0.31, p < 0.05) and C:P (F(1,13) = 10.66, 
R2 = 0.45, p < 0.05) were significant negative predictors of gastropods. For urban sites 
(Figure 4.16), nitrate (F(1,16) = 5.89, R2 = 0.27, p < 0.05) was a significant negative 
predictor, discharge (F(1,16) = 6.73, R2 = 0.30, p < 0.05) was a significant positive 
predictor and Chla (F(1,16) = 6.04, R2 = 0.27, p < 0.05) was a significant negative 








Figure 4.15. Significant linear regressions between mean periphyton nutrient content predictor variables 
with Gastropoda response variable for the agriculture dataset. Predictor variables were log(x+1) and the 
response variable was arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters (with 
regression results) are Peri C (F(1,13) = 6.73, R2 = 0.34, p < 0.05), C:N (F(1,13) = 5.88, R2 = 0.31, p < 





Figure 4.16. Significant linear regressions between mean nitrate, discharge and periphyton chlorophyll a 
predictor variables with Gastropoda response variable for the urban dataset. Predictor variables were 
log(x+1) and the response variable was arcsin(√(x)) transformed prior to analysis and graphing. Significant 
parameters (with regression results) are nitrate (F(1,16) = 5.89, R2 = 0.27, p < 0.05), discharge (F(1,16) = 
6.73, R2 = 0.30, p < 0.05) and Chla (F(1,16) = 6.04, R2 = 0.27, p < 0.05). 
 
 There were no significant multiple regression models for herbivore and 
gastropods for any of the datasets.  
Predators were absent from five sites during the spring (Figure C2.38), three sites 
during the summer (Figure C2.39) and no sites during the fall (Figure C2.40), where 
MTA and HOT consistently had no predators during the spring and summer and then in 
the fall, Empididae made up the majority of the predator functional group for both sites. 
As evident by the number of different coloured bars in Figure C2.40, diversity also 
increased during the fall. The total number of predators also increased during the fall 




from Empididae (56 individuals), Nematoda (51 individuals), Acari (45 individuals), 
Plecoptera (27 individuals) and Tabanidae (20 individuals) however, these group 
contributions were not from one land-use. Empididae was greatest from agriculture sites, 
nematodes from urban sites, Acari from reference and agriculture sites plecopterans from 
reference sites and tabanids from urban sites (Figure C2.41). During the spring, 
Nematoda and Acari had the greatest total predators from urban sites urban sites (Figure 
C2.42) whereas during the summer, Nematoda remained greatest from urban sites yet 
Acari was greatest from agriculture sites (Figure C2.43). Empididae had the highest total 
from agriculture sites and Nematoda abundance remained high at urban sites during the 
fall (Figure C2.41). 
 
Figure 4.17. Total number of predators in each season (spring, summer and fall) from each land-use 
(reference, agriculture and urban). The total number of predators is shown for each season. Fall sampling 







4.3.5 Biotic Communities 
4.3.5.1 Periphyton Community 
Table C2.1 shows a list of 80 identified genera from the seven identified 
periphyton groups. Diatoms had the greatest number of genera from all sites. Shannon 
diversity index (H) was calculated based on biomass from biovolume at the group level 
of periphyton identifications (Figure 4.18). Diversity was variable throughout the 
watershed and throughout the sampling period at each site. Diversity was highest at MTA 
(agriculture site) during the spring. Diversity was high during the summer at WHI 
(reference site), MTA, MAS (agriculture site), KID, WES and HOT (urban sites). Low 
diversity was found at WHI during the fall, BLU (reference site) during the summer and 
at HOT during the fall.  
 
Figure 4.18. Barplot showing Shannon Diversity Index based on total periphyton biomass (as calculated 
from biovolume from identified periphyton groups) by site by season. Spring sampling (June) is shown 
with a black bar, Summer sampling (August) is shown with dots and Fall sampling (late-September, early-
































Total calculated biomass based on periphyton biovolume was highest during the 
summer of 2017 (Figure 4.8). Reference sites during the summer primarily contributed to 
this total. Reference and urban sites had fairly consistent biomass during the fall while 
total biomass was low during the spring from all three land-use categories. 
Individual sites were analyzed for trends with respect to algal composition in each 
season. The dominant periphyton group changed throughout the seasons at 50% of the 
sites (Table C2.2). According to these trends, diatoms were the dominant group from all 
sites and seasons. Five sites did not have at least 50% of identified algae from a single 
group: HAW (spring), MTA (spring and summer), WHI (summer), HOT (summer) and 
KID (fall). The proportion of identified algae groups was variable throughout spring 
sampling (Figure 4.19). Reference sites (WHI, BLU, HAW) were dominated by diatoms 
however WHI had a moderate proportion of euglenophytes and HAW had a large 
proportion of chlorophytes. Agriculture sites were dominated by both diatoms and 
cyanobacteria (Figure 4.19). MTA had the greatest diversity with six of the seven 
identified groups present. KET, MAS and HEW were dominated by diatoms. 
Cyanobacteria was the vast majority of periphyton at USC. Most urban sites, LOV, UXB, 
KID and BUN, were dominated by diatoms also (Figure 4.19). WES was dominated by 
chlorophytes and HOT was dominated by cyanobacteria. Total biomass was greatest from 
HEW, UXB and HAW (Figure 4.19).  
The majority of sites during summer sampling were dominated by diatoms 
(Figure 4.20). WHI (reference sites) also had a moderate presence of euglenophytes and 
cyanobacteria. MTA (agriculture site) consisted of cyanobacteria, nanoflagellates and 




(urban site) was dominated by chlorophytes. KID and WES (urban sites) had a moderate 
proportion of cyanobacteria and chlorophytes. HOT (urban site) had moderate 
representation of cyanobacteria, nanoflagellates, charophytes and chlorophytes. Total 
biomass was greatest from BLU and UXB during summer sampling (Figure 4.20).  
 
 
Figure 4.19. Barplots showing the total biomass (mg/cm2; top) and the proportion of identified periphyton 
(bottom) based on total biomass (calculated from biovolume of identified periphyton groups) of each 
taxonomic group by site during spring sampling (June). Note: Charophyte are Desmids. Sites are ordered 






























































Figure 4.20. Barplots showing the total biomass (mg/cm2; top) and the proportion of identified periphyton 
(bottom) based on biomass (calculated from biovolume of identified periphyton groups) of each taxonomic 
group by site during summer sampling (August). Note: Charophyte are Desmids. Sites are ordered along 
human activity gradients from reference (WHI) to urban (BUN). 
 
Diatoms were again the dominant group from the majority of sites during fall 
sampling (Figure 4.21). UXB (urban site) was dominated by chlorophytes and KID 
























































represented by cyanobacteria. Euglenophytes were not as well represented during the fall 
as compared to the spring and summer. Total biomass during the fall was greatest from 
WHI and HOT (Figure 4.21). 
 
 
Figure 4.21. Barplots showing the total biomass (mg/cm2; top) and the proportion of identified periphyton 
(bottom) based on biomass (calculated from biovolume of identified periphyton groups) of each taxonomic 
group by site during fall sampling (late-September, early-October). Note: Charophyte are Desmids. Sites 






























































 The RDA for the complete dataset showed that the relationship between the 
explanatory physicochemical variables and the algae group response variables was 
primarily explained by the first axis, RDA1 73.7% (Figure 4.22). A Monte Carlo 
permutation test found no significant relationships between algae groups and 
environmental variables. Based on the ordination triplot, the first RDA axis identified a 
gradient of TKN, chloride, turbidity and dissolved oxygen. Relative abundance of 
cyanobacteria was related with ammonia-ammonium, canopy cover and discharge. 
Relative abundance of diatoms was related to nitrite. Euglenophyte relative abundance 
was related with nitrate. Sites in the triplot are colour coded based on season. The 
majority of the sites are clustered with nitrite. There does not appear to be any clear 
grouping based on site however some spring and summer sites are separated from the 
main cluster with nitrite. For this reason, the differences between the seasons were 
analyzed separately.  
The RDA for spring sampling season showed that the relationship between the 
explanatory physicochemical variables and the algae group response variables was 
primarily explained by the first axis, RDA1 60.5% (Figure 4.22), with an R2adj. = 0.67.  
The Monte Carlo permutation test showed that the RDA model was significant (F(3,10) = 
3.60, p < 0.05). The Monte Carlo permutation also found significant relationships 
between algae groups and canopy cover (F(1,3) = 5.94, p < 0.05), temperature (F(1,3) = 
5.49, p < 0.05) and TKN (F(1,3) = 6.20, p < 0.05). Based on the ordination triplot, the 





The RDA for summer sampling showed that the relationship between the 
explanatory physicochemical variables and the algae group response variables was 
primarily explained by the first axis, RDA1 68.5% (Figure 4.22). The Monte Carlo 
permutation test found no significant relationships between algae groups and 
environmental variables. Based on the ordination triplot, the first RDA axis identified a  
gradient of pH. The second RDA axis identified a gradient of TP and to some degree 
nitrate. Relative abundance of diatoms was related to pH. The relative abundance of 
cyanobacteria and euglenophytes were related to ammonia-ammonia and turbidity. 
Chlorophyte relative abundance was related to nitrate and nanoflagellate relative 
abundance was related to chloride.  
The RDA for fall sampling season showed that the relationship between the 
explanatory physicochemical variables and the algae group response variables was 
primarily explained by the first axis, RDA1 81.6% (Figure 4.22), with an R2adj. = 0.62. 
The Monte Carlo permutation test found one significant relationship between algae 
groups and pH (F(1,3) = 8.08, p < 0.05). Based on the ordination triplot, the first RDA 
axis identified a gradient of some degree to turbidity and TP. The second RDA axis 
identified a gradient of TKN and nitrate. Relative abundance of cyanobacteria was 
somewhat related to canopy cover, chloride and turbidity. Relative abundance of diatoms 
was somewhat related to nitrite and temperature and the relative abundance of 
chlorophytes was somewhat related to nitrate. Charophyte relative abundance was related 








Figure 4.22. Redundancy analysis correlation triplot for environmental variables (canopy cover (Canopy), temperature (Temp), pH, dissolved oxygen (DO), discharge 
(Dis), chloride (Cl), turbidity (Turb), total phosphorus (TP), total kjeldahl nitrogen (TKN), ammonia-ammonium (AaAm), nitrite and nitrate)) and relative abundance 
of the periphyton groups (Euglenophyte (Eug), Diatoms (Dia), Charophyte (Char), Chlorophyte (Chlor), Nanoflagellate (Nano), Cyanobacteria (Cyan) and 
Chrysophyta (Chrys)). Environmental variables are arrow vectors in blue and the periphyton variables are shown in red type font. Colour coded: S = spring (purple), 
M = summer (green), F = fall (yellow), R = Reference (black), A = Agriculture (grey), U = Urban (orange). Highly correlated predictor variables (VIF ≥ 20) were 
removed from the data set prior to analysis. Eigenvalues of species and site scores were square rooted to plot symmetrically. Top Left: Complete Dataset: Explanatory 
percentage of the first two RDA axes is RDA1 73.7% and RDA2 13.8%. Top Right: Spring: Explanatory percentage of the first two RDA axes is RDA1 60.5% and 
RDA2 32.4%. Bottom Left: Summer: Explanatory percentage of the first two RDA axes is RDA1 68.5% and RDA2 14.9%. Bottom Right: Fall: Explanatory 




4.3.5.2 Macroinvertebrate Bioassessment 
Figure 4.23 shows the invertebrate abundance for each season and land-use 
category. Invertebrate abundance was low at reference sites during all seasons. 
Agriculture sites had the greatest invertebrate abundance during the fall, and urban sites 
had the greatest invertebrate abundance during the spring. Total invertebrate abundance 
was greatest during the spring and fall. Total invertebrate abundance was significantly 
lower at reference sites as compared to agriculture sites (F(2,33) = 3.36, p < 0.05). 
 
Figure 4.23. Clustered barplot showing invertebrate abundance in each season (spring, summer, fall) for 
each land-use (Reference, Agriculture, Urban). The total invertebrate abundance for each land-use is also 
presented. Total invertebrate abundance was greatest during the spring and fall. 
 
Diversity of the invertebrate communities was greatest at MTA (agriculture) and 
HOT (urban) during spring sampling (Figure 4.24). Also, at these sites, overall total 
abundance was low showing a more even distribution of invertebrates from the identified 
groups. This was the case for other sites where total abundance was low and diversity 
was high. The opposite trend was found for KET (agriculture site), WES and BUN (urban 




community was not as evenly distributed and only a few groups dominated the 
community. 
 
Figure 4.24. Dual plot showing total invertebrate abundance (bar graph) and Shannon Diversity Index (line 
graph) by site for Spring sampling (June 2017). Sites are ordered along human activity gradients from 
reference (WHI) to urban (BUN). Diversity appears to be greater when invertebrate abundance is lower. 
 
Shannon diversity was greatest at MTA, MAS (agriculture sites) and HOT (urban 
sites) during summer sampling (Figure 4.25). At these sites, total invertebrate abundance 
was low. High total abundance and low diversity was found at BLU (reference), KET 
(agriculture) and LOV (urban). During fall sampling (Figure 4.26), diversity was 
relatively consistently high from all sites and total invertebrate abundance was relatively 
low, except for KET (agriculture) that showed very high total abundance with low 
diversity. For ease of visualization (Figures C2.44 – C2.46), invertebrate groups that 
contained less than 1% relative proportion for each season were removed from clustered 







Figure 4.25. Dual plot showing total invertebrate abundance (bar graph) and Shannon Diversity Index (line 
graph) by site for Summer sampling (August 2017). Sites are ordered along human activity gradients from 
reference (WHI) to urban (BUN). Diversity appears to be greater when invertebrate abundance is lower. 
 
Figure 4.26. Dual plot showing total invertebrate abundance (bar graph) and Shannon Diversity Index (line 
graph) by site for Fall sampling (late-September/early-October 2017). Sites are ordered along human 
activity gradients from reference (WHI) to urban (BUN). Diversity appears to be greater when invertebrate 
abundance is lower. 
 
 The dominant invertebrate group at most sites during the spring (Figure C2.44) 
was Chironomidae, except at 1) MTA, where Coleoptera, Oligochaeta and Amphipoda 




where various groups including Oligochaeta, Nematoda and Ostracoda shared a high 
proportion.  
 Chironomidae was also the most dominant invertebrate group at most sites during 
summer (Figure C2.45). MTA was quite variable with shared proportions of various 
groups including Trichoptera, Tipulidae, Coleoptera, Gastropoda, and Ostracoda. MAS 
was similarly variable with many individuals represented from Gastropoda, Copepoda 
and Isopoda. HOT was not as variable yet had many individuals from Oligochaeta, 
Gastropoda, Bivalves and Isopoda. Chironomidae was also the most dominant 
invertebrate group at most sites during fall (Figure C2.46) however many of the sites 
showed more representation from various invertebrate groups as compared to the other 
seasons. Other dominant groups included Trichoptera (MTA, LOV and UXB), 
Oligochaeta (KID and WES) and Copepoda (WHI, USC, MAS). 
 The RDA for the complete dataset showed that the relationship between the 
explanatory physicochemical variables and invertebrate group relative abundance 
response variables was primarily explained by the first two axes, RDA1 49.7% and 
RDA2 26.8% (Figure 4.30). The Monte Carlo permutation test showed that the RDA 
model was significant (F(12,29) = 2.20, p < 0.05). The Monte Carlo permutation also 
found the first RDA axis was significant (F(1,29) = 13.13, p < 0.05) and found significant 
relationships between invertebrate groups and pH (F(1,29) = 6.00, p < 0.05), dissolved 
oxygen (F(1,29) = 4.19, p < 0.05), chloride (F(1,29) = 3.80, p < 0.05) and turbidity 
(F(1,29) = 3.00, p < 0.05). Based on the ordination triplot, the first RDA axis identified a 
gradient of TKN, nitrate, dissolved oxygen, pH. The second RDA axis identified a 




Relative abundance of gastropods and amphipods were related to canopy cover. 
Chironomidae relative abundance was related to pH. Ephemeroptera, Trichoptera and 
Coleoptera were not positively associated with any environmental variable, however 
seemed to be negatively associated with nitrate, TP and turbidity. The majority of spring 
sites are positioned on the positive side of RDA axis 2 and the majority of summer and 
fall sites are found on the negative side of RDA axis 2. For this reason, the seasons will 
be plotted separately to explore the effect of land-use on invertebrate relative abundance 
composition. 
The RDA for spring showed that the relationship between the explanatory 
physicochemical variables and invertebrate group relative abundance response variables 
was primarily explained by the first two axes, RDA1 56.7% and RDA2 25.4% (Figure 
4.30). The Monte Carlo permutation test did not show any significant relationships. 
Based on the ordination triplot, the first RDA axis identified a gradient of discharge and 
the second RDA axis identified a gradient of temperature and to some extent, TKN, 
ammonia-ammonium and chloride. Relative abundance of copepods was related to 
temperature where as ostracods were related to TKN and ammonia-ammonium. 
Chironomidae relative abundance was related to pH and nitrate. Relative abundance of 
oligochaetes was related to chloride. Sites were fairly spread out in ordination space with 









Figure 4.27. Redundancy analysis correlation triplot for environmental variables (canopy cover (Canopy), 
temperature (Temp), pH, dissolved oxygen (DO), discharge (Dis), chloride (Cl), turbidity (Turb), total 
phosphorus (TP), total kjeldahl nitrogen (TKN), ammonia-ammonium (AaAm), nitrite and nitrate)) and 
relative abundance of invertebrate groups (Zygoptera (Zyg), Ephemeroptera (Eph), Plecoptera (Ple), 
Trichoptera (Tri), Ceratopogonidae (Cer), Simuliidae (Sim), Chironomidae (Chi), Culicidae (Cul), 
Empididae (Emp), Tipulidae (Tip), Tabanidae (Tab), Unknown Diptera (DipUnk), Coleoptera (Col), 
Hemiptera (Hem), Lepidoptera (Lep), Megaloptera (Meg), Oligochaeta (Oli), Nematoda (Nem), Hirudinea 
(Hir), Gastropoda (Gas), Amphipoda (Amp), Collembola (Colm), Copepoda (Cop), Cladocera (Cla), 
Ostracoda (Ost), Bivalve (Biv), Crayfish (Cray), Acari (Aca), Isopoda (Iso), Millipede (Mil)). The 
environmental predictor variables are arrow vectors in blue and the invertebrate response variables are 
shown in red type font. Land-use groups are colour coded: S = spring (purple), M = summer (green), F = 
fall (yellow), R = Reference (black), A = Agriculture (grey), U = Urban (orange). Highly correlated 
predictor variables (VIF ≥ 20) were removed from the data set prior to analysis. Eigenvalues of species and 
site scores were square rooted to plot symmetrically. Top: Complete Dataset: Explanatory percentage of the 
first two RDA axes is RDA1 49.7% and RDA2 26.8%. Bottom: Explanatory percentage of the first two 




The RDA for summer showed that the relationship between the explanatory physicochemical 
variables and invertebrate group relative abundance response variables was primarily explained 
by the first three axes, RDA1 59.4%, RDA2 15.4% and RDA3 12.9% (Figure 4.32). The Monte 
Carlo permutation test did not show any significant relationships. Based on the ordination 
triplot, the first RDA axis identified a gradient of nitrate and temperature and the second 
RDA axis identified a gradient, to some extent, canopy cover, chloride, TP, ammonia-
ammonium and turbidity. Isopoda relative abundance was associated with turbidity, TP 
and ammonia-ammonium. Whereas Copepoda and Gastropoda relative abundance was 
slightly associated with TKN and temperature. Oligochaeta relative abundance was 
slightly related to chloride, TP, ammonia-ammonium and turbidity. Ephemeroptera and 
Trichoptera relative abundance were associated with canopy cover and seemed to be 
negatively associated with TP, ammonia-ammonium and turbidity. Sites were spread out 
in ordination space and with no clear grouping of land-uses and clustering of sites.  
The RDA for fall showed that the relationship between the explanatory 
physicochemical variables and invertebrate group relative abundance response variables 
was primarily explained by the first two axes, RDA 1 49.6% and RDA2 22.4% (Figure 
4.33). The Monte Carlo permutation test found one significant relationship between 
invertebrate groups and pH (F(1,3) = 4.48, p < 0.05). Based on the ordination triplot, the 
first RDA axis identified a gradient of pH, ammonia-ammonium, and to some extent 
TKN. The second RDA axis identified a gradient of chloride, canopy cover and nitrate. 
Trichoptera and Coleoptera relative abundance was associated with discharge. Simuliidae 
relative abundance was associated with canopy cover and nitrate. The relative abundance 






Figure 4.28. Redundancy analysis correlation triplot for environmental variables (canopy cover (Canopy), 
temperature (Temp), pH, dissolved oxygen (DO), discharge (Dis), chloride (Cl), turbidity (Turb), total 
phosphorus (TP), total kjeldahl nitrogen (TKN), ammonia-ammonium (AaAm), nitrite and nitrate)) and 
relative abundance of invertebrate groups (Zygoptera (Zyg), Ephemeroptera (Eph), Plecoptera (Ple), 
Trichoptera (Tri), Ceratopogonidae (Cer), Simuliidae (Sim), Chironomidae (Chi), Culicidae (Cul), 
Empididae (Emp), Tipulidae (Tip), Tabanidae (Tab), Unknown Diptera (DipUnk), Coleoptera (Col), 
Hemiptera (Hem), Lepidoptera (Lep), Megaloptera (Meg), Oligochaeta (Oli), Nematoda (Nem), Hirudinea 
(Hir), Gastropoda (Gas), Amphipoda (Amp), Collembola (Colm), Copepoda (Cop), Cladocera (Cla), 
Ostracoda (Ost), Bivalve (Biv), Crayfish (Cray), Acari (Aca), Isopoda (Iso), Millipede (Mil)). The 
environmental predictor variables are arrow vectors in blue and the invertebrate response variables are 
shown in red type font. Land-use groups are colour coded: S = spring (purple), M = summer (green), F = 
fall (yellow), R = Reference (black), A = Agriculture (grey), U = Urban (orange). Highly correlated 
predictor variables (VIF ≥ 20) were removed from the data set prior to analysis. Eigenvalues of species and 
site scores were square rooted to plot symmetrically. Top: Summer: Explanatory percentage of the first two 
RDA axes is RDA1 59.4%, RDA2 15.4% and RDA3 12.9%. Fall: Explanatory percentage of the first two 





closely associated with any environmental variables however was closest to chloride in 
ordination space. There is no clear grouping of land-uses nor clustering of sites. 
Considering all seasons, Table C2.4, shows the invertebrate bioassessment indices 
used to assess the LSW health. Percent EPT was high, relative to the other sites, for 
HAW, MTA, HEW, LOV and UXB. Chironomidae closely followed Dominants showing 
they were the most dominant group from many sites. There was one exception, KID 
where Chironomidae made up 31.3% of the site and the dominant group was Oligochaeta 
making up 57.4%. Chironomidae made up the majority of Diptera where other families of 
the order contributed very little, except for UXB were other Diptera added approximately 
10% to the overall % Diptera. Amphipoda were low at all sites. Highest values were 
7.5% from MAS and UXB. 
Pollution tolerant Chironomidae were more dominant at each site during each 
season as compared to pollution intolerant taxa Ephemeroptera, Plecoptera and 
Trichoptera (EPT), as shown in Figure 4.29. However, there were EPTs at all reference 
sites during each season. At USC, an agriculture site, EPTs were not present in any 
sampling and at MAS, were not present during the spring and had very low proportions 
during the summer and fall. EPTs at urban sites were variable throughout each season. 
During the spring, EPTs were not sampled at KID, HOT and BUN and WES was low. 
During the summer, EPTs were present at all urban sites except BUN. Furthermore, this 
was the only season where % EPT was greater than % Chironomidae at MTA. During the 
fall, EPTs were present at LOV, UXB, low at KID, WES and BUN and not present at 
HOT. This indicates that water quality might be better at reference sites (WHI, BLU, 







Figure 4.29. Grouped bar plots showing the percent (%) EPT (Ephemeroptera, Plecoptera, Trichoptera) and 
Chironomidae at each site during each season Spring (June 2017; top), Summer (August 2017; middle) and 
Fall (late-September/early-October 2017; bottom). Calculations are based on the total number that the 
group comprises from all identified invertebrates at each site. The % EPT is typically a measure to indicate 
good or better water quality as these invertebrates are typically intolerant to pollution and % Chironomidae 
indicates poor or worse water quality as these invertebrates are typically tolerant to pollution. Percent EPTs 
are present at all reference sites during each season and not present at all agriculture nor urban sites. 
Indicating that reference sites may have better water quality as compared to agriculture and urban sites. 




For summer, Kruskal-Wallis H test determined the proportion of Ostracoda was 
significantly higher at reference sites as compared to urban sites (X2 = 7.47, df = 2, p < 
0.05) (Figure C2.47). Based on ANOVA, for agriculture sites, %Oligochaeta was 
significantly higher during the spring as compared to summer and fall (F(2,12) = 9.81, p 
< 0.05) (Figure C2.48).  
No linear regression models of physicochemical parameters predicting total 
invertebrate abundance were statistically significant. Table 4.19 shows all significant 
linear regressions between physicochemical parameters and other invertebrate metrics, 
where moderate and strong coefficients of determination (R2 ≥ 0.40) are bolded. For 
spring, TP (F(1,12) = 13.38, R2 = 0.53, p < 0.05) and chloride (F(1,12) = 10.50, R2 = 
10.50, p < 0.05) were negative predictors of % EPT (Figure 4.30). For summer (Figure 
4.31), TP (F(1,12) = 10.29, R2 = 0.46, p < 0.05) was a negative predictor of % EPT and 
chloride (F(1,12) = 8.46, R2 = 0.41, p < 0.05) was a positive predictor of % Oligochaeta. 
For reference sites, discharge was a significant predictor of % dominants ((F(1,7) = 8.60, 
R2 = 0.55, p < 0.05; Figure 4.32), % Diptera (F(1,7) = 8.90, R2 = 0.56, p < 0.05; Figure 
4.33) and % Chironomidae (F(1,7) = 8.90, R2 = 0.55, p < 0.05; Figure 4.34). For 
agriculture sites, nitrate (F(1,13) = 20.07, R2 = 0.61, p < 0.05) was a positive predictor for 








Table 4.19. Significant (p < 0.05) linear regressions for physicochemical predictor variables and 
invertebrate parameter response variables. The relationship of the predictor variable on the response 
variable is provided along with the F value (degrees of freed; df) and R2. Predictor variables were log(x + 





Relationship F value (df) R2 
Complete 
Dataset 
Chloride EPT Negative 8.71 (1,40) 0.18 
Chloride Oligochaeta Positive 7.00 (1,40) 0.15 
Spring 
Total Phosphorus EPT Negative 13.38 (1,12) 0.53 
Chloride EPT Negative 10.5 (1,12) 0.47 
Summer 
Total phosphorus EPT Negative 10.29 (1,12) 0.46 
Chloride Oligochaeta Positive 8.46 (1,12) 0.41 
Discharge Oligochaeta Negative 5.24 (1,12) 0.30 
Fall Chloride Oligochaeta Positive 7.72 (1,12) 0.39 
Reference 
Discharge Chironomidae Positive 8.60 (1,7) 0.55 
Discharge Dominants Positive 8.60 (1,7) 0.55 
Discharge Diptera Positive 8.90 (1,7) 0.56 
Agriculture 
Nitrate EPT Positive 20.07 (1,13) 0.61 
Total Phosphorus Oligochaeta Positive 6.11 (1,13) 0.32 
Urban Nitrate Amphipoda Positive 4.65 (1,16) 0.23 
 
 
Figure 4.30. Significant linear regressions for the spring sampling with predictor variables Total 
Phosphorus and mean Chloride with response variable EPT (Ephemeroptera + Plecoptera + Trichoptera). 
Predictor variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to 
analysis and graphing. Significant parameters (with regression results) are total phosphorus (F(1,12) = 





Figure 4.31. Significant linear regressions for the summer sampling with predictor variables Total 
Phosphorus and mean Chloride with response variable EPT (Ephemeroptera + Plecoptera + Trichoptera) 
and Oligochaeta, respectively. Predictor variables were log(x+1) transformed and response variable was 
arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters (with regression results) are 
total phosphorus (F(1,12) = 10.29, R2 = 0.46, p < 0.05) and chloride (F(1,12) = 8.46, R2 = 0.41, p < 0.05). 
 
Figure 4.32. Significant linear regressions for reference sites with mean discharge, chlorophyll a, Peri C, 
Peri P, C:P and N:P. Predictor variables were log(x+1) transformed and response variable was arcsin(√(x)) 
transformed prior to analysis and graphing. Significant parameters (with regression results) are discharge 
(F(1,7) = 8.60, R2 = 0.55, p < 0.05), Peri C (F(1,7) = 8.12, R2 = 0.54, p < 0.05), Peri N (F(1,7) = 14.51, R2 = 





Figure 4.33. Significant linear regression for reference sites with mean periphyton predictor variables with 
response variable Diptera. Predictor variables were log(x+1) transformed and response variable was 
arcsin(√(x)) transformed prior to analysis and graphing. Significant parameters (with regression results) are 
discharge (F(1,7) = 8.90, R2 = 0.56, p < 0.05), Peri C (F(1,7) = 6.82, R2 = 0.49, p < 0.05), Peri N (F(1,7) = 
12.32, R2 = 0.64, p < 0.05), C:P (F(1,7) = 9.98, R2 = 0.59, p < 0.05) and N:P (F(1,7) = 9.44, R2 = 0.57, p < 
0.05).  
 
Figure 4.34. Significant linear regression for reference sites with predictor variable mean Discharge (F(1,7) 
= 8.90, R2 = 0.55, p < 0.05) with response variable Chironomidae. Predictor variables were log(x+1) 





Figure 4.35. Significant linear regression for agriculture sites with predictor variable Nitrate (F(1,13) = 
20.07, R2 = 0.61, p < 0.05) with response variable EPT (Ephemeroptera + Plecoptera + Trichoptera). 
Predictor variables were log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to 
analysis and graphing.  
 
Linear regressions were used to determine if the periphyton community could 
predict percent occurrences of the invertebrate community. This was used to see if the 
invertebrate and periphyton communities were linked based on land-use and/or season 
categories.  
Based on reference sites, C:P (F(1,7) = 9.03, R2= 0.56, p < 0.05) and N:P (F(1,7) 
= 8.29, R2= 0.54, p < 0.05) were significant negative predictors of % Chironomidae 
(Figure 4.36). However, when predicting Oligochaeta, C:P (F(1,7) = 6.38, R2= 0.48, p < 
0.05) and N:P (F(1,7) = 6.51, R2= 0.49, p < 0.05) were significant positive predictors 
(Figure 4.36). Dominants (Figure 4.32) and Diptera (Figure 4.33) were negatively 
predicted by Peri C, Peri N, C:P and N:P. Based on agriculture sites, C:N (F(1,13) = 7.79, 
R2= 0.37, p < 0.05) and C:P (F(1,13) = 8.62, R2= 0.40, p < 0.05) were positive predictors 
of % EPT (Figure 4.37). Chla was a positive predictor of % Dominants (F(1,13) = 6.69, 




Table 4.20. Significant (p < 0.05) linear regressions for periphyton predictor variables (Chlorophyll a 
(Chla), Periphyton Carbon, Periphyton Nitrogen and Periphyton Phosphorus content, Carbon:Nitrogen 
(C:N), Carbon:Phosphorus (C:P) and Nitrogen:Phosphorus (N:P) molar ratios, and total biomass (as 
calculated from biovolume of identified periphyton groups)) and invertebrate parameter response variables 
(% of Ephemeroptera+Plecoptera+Trichoptera (EPT), Amphipoda, Oligochaeta, Chironomidae, 
Oligochaeta, Dominants and Diptera). The relationship of the predictor variable on the response variable is 
provided along with the F value (degrees of freed; df) and R2. Predictor variables were log(x + 1) 





Relationship F value (df) R2 
Spring 
N:P Amphipoda Negative 6.42 (1,12) 0.29 
Peri P Diptera Positive 5.50 (1,12) 0.31 
Summer 
Total Biomass Oligochaeta Negative 8.12 (1,12) 0.35 
Total Biomass Diptera Positive 4.81 (1,12) 0.29 
Fall 
C:N Amphipoda Negative 7.66 (1,12) 0.39 
Chla EPT Positive 4.80 (1,12) 0.23 
Reference 
C:P Chironomidae Negative 9.03 (1,7) 0.51 
N:P Chironomidae Negative 8.29 (1,7) 0.48 
C:N Amphipoda Positive 9.27 (1,7) 0.51 
C:P Oligochaeta Positive 6.38 (1,7) 0.40 
N:P Oligochaeta Positive 6.67 (1,7) 0.42 
Peri C Dominants Negative 8.12 (1,7) 0.54 
Peri N Dominants Negative 14.51 (1,7) 0.67 
C:P Dominants Negative 9.03 (1,7) 0.56 
N:P Dominants Negative 8.29 (1,7) 0.54 
Peri C Diptera Negative 6.82 (1,7) 0.49 
Peri N Diptera Negative 12.32 (1,7) 0.64 
C:P Diptera Negative 9.98 (1,7) 0.59 
N:P Diptera Negative 9.44 (1,7) 0.57 
Agriculture 
C:N EPT Positive 7.79 (1, 13) 0.33 
C:P EPT Positive 8.62 (1,13) 0.35 
Chla Chironomidae Positive 5.18 (1,13) 0.23 
Chla Amphipoda Negative 5.06 (1,13) 0.22 
Chla Dominants Positive 6.69 (1,13) 0.34 
Chla Diptera Positive 5.04 (1,13) 0.28 
Urban 
Chla EPT Positive 11.85 (1,16) 0.39 










Figure 4.39) and Chironomidae (F(1,13) = 5.18, R2 = 0.23, p < 0.05; Figure 4.40) 
however Chla was a negative predictor of % Amphipoda ((F(1,13) = 5.06, R2= 0.22, p < 
0.05; Figure 4.40). For urban sites, Chla (F(1,16) = 11.85, R2= 0.43, p < 0.05) was a 
significant positive predictor of % EPT (Figure 4.41). Peri N (F(1,16) = 4.56, R2= 0.22, p 
< 0.05) was a significant positive predictor of % Diptera (Figure 4.42). 
 
 
Figure 4.36. Significant linear regressions predicting percent Chironomidae from average C:P (top left; 
F(1,7) = 9.03, R2= 0.56, p < 0.05) and from N:P (top right; F(1,7) = 8.29, R2= 0.54, p < 0.05) and predicting 
percent Oligochaeta from C:P (middle left; F(1,7) = 6.38, R2= 0.48, p < 0.05) and from N:P (middle right; 
F(1,7) = 6.51, R2= 0.49, p < 0.05) and percent Amphipoda from C:N (bottom left; F(1,7) = 9.27, R2= 0.57, 
p < 0.05)) for reference sites in 2017. Predictor variables were log(x + 1) transformed and response 








Figure 4.37. Significant linear regressions predicting percent EPT from mean C:N (top left; F(1,13) = 7.79, 
R2= 0.37, p < 0.05t) and from C:P (top right; F(1,13) = 8.62, R2= 0.40, p < 0.05) and for predicting percent 
Gastropoda from C:N (bottom left;) and C:P (bottom right) for agriculture sites in 2017. Predictor variables 
were log(x + 1) transformed and response variables were arcsin(√(x)) transformed prior to analyses. Note: 











Figure 4.38. Significant linear regression for the agriculture sites with predictor variable mean chlorophyll 
a (F(1,13) = 6.69, R2 = 0.34, p < 0.05) with response variable Dominants. Predictor variables were log(x+1) 
transformed and response variable was arcsin(√(x)) transformed prior to analysis and graphing.  
 
Figure 4.39. Significant linear regression for the agriculture sites with predictor variable mean chlorophyll 
a (F(1,13) = 5.04, R2 = 0.28, p < 0.05) with response variable Diptera. Predictor variables were log(x+1) 






Figure 4.40. Significant linear regressions predicting percent Chironomidae from mean chlorophyll a (left; 
F(1,13) = 5.18, R2 = 0.23, p < 0.05) and percent Amphipoda from chlorophyll a (right; F(1,13) = 5.06, R2 = 
0.22, p < 0.05) for agriculture sites in 2017. Predictor variables were log(x + 1) transformed and response 
variables were arcsine(√(x)) transformed prior to analyses. 
 
Figure 4.41. Significant linear regressions predicting percent EPT (left; F(1,16) = 11.85, R2= 0.43, p < 
0.05) and Gastropoda (right; F(1,16) = 6.04, R2= 0.27, p < 0.05) from mean chlorophyll a for urban sites in 
2017. Predictor variables were log(x + 1) transformed and response variables were arcsine(√(x)) 





Figure 4.42. Significant linear regression for the urban sites with predictor variable mean Periphyton 
Nitrogen (F(1,16) = 4.56, R2= 0.22, p < 0.05) with response variable Diptera. Predictor variables were 
log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to analysis and graphing.  
 
 For spring, Peri P was a significant positive predictor for Diptera (F(1,12) = 5.5, 
R2 = 0.31, p < 0.05; Figure 4.43). For summer, total biomass (based on biovolume of 
identified periphyton groups) was a significant negative predictor of % Oligochaeta 
(F(1,12) = 8.12, R2= 0.35, p < 0.05; Figure 4.44) and a positive predictor for Diptera 
(F(1,12) = 4.81, R2= 0.29, p < 0.05; Figure 4.45). For fall, Chla (F(1,12) = 4.80, R2= 
0.29, p < 0.05) was a significant positive predictor of % EPT and C:N (F(1,12) = 7.66, 









Figure 4.43. Significant linear regression for the spring sampling with predictor variable mean Periphyton 
Phosphorus (F(1,12) = 5.5, R2 = 0.31, p < 0.05) with response variable Diptera. Predictor variables were 
log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to analysis and graphing.  
 
Figure 4.44. Significant linear regressions predicting percent Oligochaeta from total periphyton biomass 
(F(1,12) = 8.12, R2= 0.35, p < 0.05) for the summer dataset in 2017. Predictor variables were log(x + 1) 
transformed and response variables were arcsine(√(x)) transformed prior to analyses. Total biomass was 






Figure 4.45. Significant linear regression for the summer sampling with predictor variable Total Periphyton 
Biomass (F(1,12) = 4.81, R2= 0.29, p < 0.05) with response variable Diptera. Predictor variables were 
log(x+1) transformed and response variable was arcsin(√(x)) transformed prior to analysis and graphing. 
Total biomass was calculated from biovolume of identified periphyton groups. 
 
Figure 4.46. Significant linear regressions predicting percent EPT (left; F(1,12) = 4.80, R2= 0.29, p < 0.05) 
from mean chlorophyll a and Amphipoda (right; F(1,12) = 7.66, R2= 0.39, p < 0.05) from average 
Carbon:Nitrogen for the fall dataset in 2017. Predictor variables were log(x + 1) transformed and response 






Multiple regressions were used to assess the predictive power of periphyton 
quantity (Chla, DW, AFDW, total biomass, and group level biomass) and quality 
variables (periphyton C, N and P content and C:N, C:P and N:P ratios) had on the 
invertebrate parameters (total abundance, % EPT, % Chironomidae, % Oligochaeta and 
% Amphipoda, % Dominants and % Diptera) (Table 4.21).  
Table 4.21. Significant and/or strong multiple linear regression models for 2017 data. Predictor variables 
were log(x+1) transformed to meet the assumptions of normality and homoscedasticity. Predictor variables 
included chlorophyll a (Chla), dry weight (DW), ash free dry weight (AFDW), periphyton carbon content 
(PeriC), periphyton nitrogen content (PeriN), periphyton phosphorus content (PeriP), Carbon:Nitrogren 
molar ratio (C:N), carbon:phosphorus molar ratio (C:P), nitrogen:phosphorus molar ratio (N:P), total 
periphyton abundance based on biomass (Total BMS), and algal biomass (Euglenophyta (Eug), Diatoms 
(Dia), Cyanobacteria (Cyano), Nanoflagellates (Nano), Charophyta (Char), Chlorophyta (Chlor), 
Chrysophyta (Chrys)). Highly correlated and significant (r ≥ ± 0.70, p ≤ 0.05) predictor variables were 
removed prior to analysis. Response variables included log(x+1) transformed total invertebrate abundance 
(based on counts), arcsin(√(x)) transformed for Ephemeroptera, Plecoptera, Trichoptera (EPT) percent, 
Oligochaeta percent, Chironomidae percent, Amphipoda percent, Gastropoda percent, Dominant percent, 
Diptera percent, Herbivores percent and Predators percent. Total BMS was calculated from biovolume of 
identified periphyton groups. 
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EPT R2adj. = 0.99, 
F(7,1) = 334.7, 
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Diptera R2adj.= 0.99, 
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Chironomidae R2adj. = 0.74, 
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R2adj. = 0.52 
F(12,5) = 2.55, 
p > 0.05 
Nano - 
Amphipoda R2adj.= 0.68 
F(12,5) = 3.97, 
p = 0.069 
N:P, Cyano, Chlor 




Summer Total Invertebrate 
Abundance 
R2adj. = 0.99 
F(12,1) = 269.1, 
p = 0.048 
Eug, Char - 
Fall Amphipoda R2adj. = 0.95 
F(10,3) = 25.83, 
p = 0.011 
C:N, Total BMS, Eug, 
Char 







 There were three statistically significant models for reference sites throughout the 
sampling season in 2017. Total invertebrate abundance (R2adj.= 0.99, F(7,1) = 720.7, p = 
0.030) was negatively predicted by nanoflagellate biomass and positively predicted by 
total periphyton biomass. Percent EPT (R2adj. = 0.99, F(7,1) = 334.7, p = 0.042) was 
negatively predicted by C:N and total periphyton biomass and was positively predicted 
by chlorophyll and chlorophyte biomass. Percent Diptera (R2adj. = 0.99, F(7,1) = 335.4, p 
= 0.042) was negatively predicted by N:P and positively predicted by total periphyton 
biomass. There were two significant models for agriculture sites throughout the sampling 
season. Percent EPT (R2adj. = 0.88, F(11,3) = 10.55, p = 0.039) was negatively predicted 
by chlorophyte biomass and positively predicted by nanoflagellate biomass. Percent 
Chironomidae (R2adj. = 0.74, F(11,3) = 4.66, p = 0.042) was negatively predicted by 
nanoflagellate biomass. There were two significant models for urban sites. Total 
invertebrate abundance was negatively predicted by nanoflagellate biomass. Percent 
Amphipoda was negatively predicted by N:P, cyanobacteria biomass and chlorophyte 
biomass and positively predicted by chlorophyll a, total periphyton biomass and 
nanoflagellate biomass.  
 There were no significant multiple regression models nor significant individual 
predictors for spring sampling. There was one significant model for summer sampling 
where total invertebrate abundance (R2adj. = 0.99, F(12,1) = 269.1, p = 0.048) was 
negatively predicted by euglenophyte and charophyte biomass. For fall sampling, % 
Amphipoda (R2adj. = 0.95, F(10,3) = 25.83, p = 0.011) was negatively predicted by C:N, 
total periphyton biomass, euglenophyte biomass and charophyte biomass and positively 





4.4.1 Water Quality 
In terms of chloride and nitrate concentrations during the 2017 field season, urban 
sites had poorer water quality profiles. In contrast, other physicochemical parameters did 
not notably contribute to poor water quality at urban sites. For example, there was no 
significant difference between land-uses in terms of phosphorus, other nitrogen species, 
and dissolved oxygen. With respect to nitrate concentrations at urban sites, these findings 
indicate that elevated amounts of nitrate are reaching Lake Simcoe from urban tributaries, 
causing a source of concern. Further discussion of the implications of these water quality 
trends, and those reported for 2016, is provided in Chapter 5 – General Conclusions and 
Recommendations. 
4.4.2 Periphyton Quantity 
4.4.2.1 Land-use  
 Algal biomass was greater at reference sites, as compared to agriculture sites, 
indicating that reference sites had more food available to consumers, however this did not 
translate into significantly greater biomass indicators (Chla, DW and AFDW). Greater 
total biomass at reference sites was primarily driven by WHI, which was dominated by 
diatoms. As evident by Pearson correlation coefficients, Chla and total biomass were not 
well correlated as there tended to be a disconnect between total algal biomass and Chla 
when analyzing individual site responses. 
I expected urban sites to have the greatest biomass response due to the elevated 
nutrient concentrations. However, this was not the case. Urban sites did have high 




reference sites however periphyton biomass did not respond accordingly. It is difficult to 
determine the water quality drivers of periphyton biomass at urban sites. As discussed in 
Chapter 3, light limitation and/or chloride stress are possible explanations for the lack of 
a biomass response. Canopy cover was significantly greater at urban sites compared to 
reference sites which may have contributed to an overall light limitation when 
considering all urban sites. However, during the summer and fall at urban sites, canopy 
and biomass tended to be high. Other factors that could hinder growth, such as turbidity, 
was greatest during the spring potentially indicating light limitation from poor water 
clarity rather than canopy cover. It would be expected that this translated into other land-
use types because turbidity was not significantly different between reference, agriculture 
and urban land-uses, yet agriculture sites showed a slightly different pattern of biomass. 
There were also inconsistencies in the RDA triplots with respect to the dominant 
periphyton taxa (diatoms and cyanobacteria) and associations with nutrients and light 
availability. 
There are discrepancies in the literature with respect to biomass response from 
physicochemical parameters, including light and nutrients (e.g. Guo et al., 2016; Ohta et 
al., 2011). Drastic changes in hydrology that results in scouring and light-limiting 
turbidity could help explain these discrepancies (Smith, 2016). Scouring events and 
subsequent light availability issues may have been missed in my study due to the 
sampling regime. As an example, only visiting each site when sampling could have 
missed substrates that had recently rolled.   
Chloride concentrations increased significantly at urban sites with concentrations 




chloride concentrations and KID and WES showed consistently greatest chloride 
concentrations during all three seasons. Of the periphyton biomass indicators, DW (r = -
0.48, p < 0.05) and AFDW (r = -0.49, p < 0.05) were negatively correlated with chloride 
at urban sites, when all seasons were considered.  
4.4.2.2 Season 
 
Season did not play a role in providing more periphyton food to consumers, as 
there was no significant difference between season and periphyton biomass indicators. 
However, when analyzing each season individually, there were interesting relationships 
between periphyton biomass and nutrients, chloride, discharge, and light availability 
(turbidity and canopy cover).  
One such relationship was water column N:P, which positively predicted total 
biomass during the spring. For the most part, as there was an increase in canopy cover or 
turbidity (or decrease in light availability), there was a correlation with a decrease in 
periphyton quantity. This was seen in the spring with charophyte biomass and during the 
fall with Chla, AFDW, diatom biomass, and chlorophyte biomass. However, during the 
fall, turbidity had a positive relationship with cyanobacteria biomass, potentially showing 
that this group was employing their accessory pigments to compensate for low light (e.g. 
Bryant, 1982).  
Furthermore, periphyton biomass typically responds positively to additions of 
nitrogen and/or phosphorus. This was true during the summer with TKN and 
Euglenophyte biomass and during the fall with TP and Chla. However, for the most part, 
with greater concentrations of nutrients there was lower periphyton quantity. As an 




the summer for Chla, chlorophyte biomass, diatom biomass and dry weight. There was 
unfortunately many non-detects or zeros to be aware of – in particular for ammonia-
ammonium and Chrysophyta during the summer. Eight of the 14 sites had zero 
chrysophytes present in the replicates however, when chrysophytes were present, they 
were associated with lower discharge values. Temperature significantly decreased during 
the fall, which may have also impacted the growth parameters in this study. 
4.4.3 Periphyton Nutrient Content 
It is difficult to conclude whether there was high or low food quality overall in the 
LSW tributaries. The data evaluated was variable, with somewhat conflicting findings 
from different periphyton nutrient amounts and ratios. In general, based on land-use, C:P 
was significantly greater at reference sites compared to agriculture sites, potentially 
indicating that food quality was lower at reference sites, due to high C relative to P. 
Season had no direct significant effect on periphyton nutrient content illustrating that, 
overall, season was not a factor to consider in terms of when quality was best or worse 
for consumers. However, as seen with the differences in water quality, land-uses, and 
seasons were kept separate for the interpretation of these results. 
Primary drivers affecting periphyton nutrient content were water column 
nutrients, light availability, and flow rate. Flow can affect periphyton nutrient content 
where high flow or disturbance events can cause scouring on substrates which decreases 
competition making more water column resources and light available to remaining 
communities. Light availability effects the algal component of periphyton, so that algae 
must balance between adapting to low-light/high-light conditions and allocating 




suggests that in high light relative to water column nutrients, primary producers are 
nutrient poor, and in low light relative to nutrients, primary producers are nutrient rich. 
Water column nutrients effect the amount of nutrients available for uptake by periphyton. 
The Redfield ratio (Redfield, 1958) reflects the ideal mean elemental stoichiometric ratio 
for oceanic plankton at 106C:16N:1P, whereas Hillebrand and Sommer (1999) 
investigated freshwater periphyton in the laboratory and determined the ratio to be 
119C:17N:1P. These ratios assist in understanding any nutrient limitations for periphyton 
growth.  The response of periphyton nutrient content in the LSW are discussed under the 
three headings – flow, light and water column nutrients.  
4.4.3.1 Flow 
Higher discharge rates at reference sites throughout the ice-free season were 
correlated with lower values of Peri C, Peri N, C:P and N:P. This potentially indicates 
that as discharge increases, the quality of periphyton increases because of the decrease in 
C content and ratios. However, the lower Peri N content could indicate a decrease in food 
quality. Peri P was not significantly correlated with discharge; however, it did increase at 
higher discharge values, potentially indicating that the decrease in C:P is a result of lower 
Peri C with an associated increase in Peri P, indicating higher food quality. In an 
investigation of stream velocity on periphyton phosphatase activity and C:P ratios across 
a dissolved phosphorus gradient, Hiatt et al. (2019) found no relationship between 
velocity and C:P, but there was a negative relationship between phosphate and C:P. A 
possible explanation for the lack of relationship with velocity may be due to low 
phosphatase activity at low-velocity/low phosphate sites and an alternative pathway for 




phosphatase activity (Hiatt et al., 2019). Fanta et al. (2010) determined through multiple 
regression that Chla and velocity were significant predictors of Peri P. In my study, 
multiple regressions revealed that temperature, DO and chloride were significant 
predictors of Peri P at reference sites. Whereas, discharge, pH, and TP were significant 
predictors of Peri C and discharge, DO, and pH were significant predictors of N:P, both 
models at agriculture sites. Chla was not a significant predictor of any periphyton nutrient 
response in my study, indicating that nutrient content was not tied to the amount of 
chlorophyll present on the substrate. This is surprising as Chla is high in N so it would be 
expected that periphyton C:N would be affected by changes in Chla. 
4.4.3.2 Light 
Lower light availability, through high turbidity and canopy cover, decreased Peri 
C (agriculture sites), Peri N (agriculture sites) and Peri P (reference, agriculture and 
summer sites). Through manipulations of dissolved reactive phosphorus and light in the 
laboratory, Fanta et al. (2010) found that when water column P was low and light 
increased, Peri P content decreased, which confirmed the light-nutrient hypothesis. 
Hillebrand et al. (2004) found that reducing light increased periphyton N and P while 
Frost et al. (2007) found limited effects of UVB radiation on periphyton stoichiometry. 
This points to the variability of periphyton in different systems making it difficult to 
compare across studies.  
In general, with lower light availability, reference, agriculture, and all fall sites 
decreased in periphyton food quality while spring and summer increased in food quality. 
However, these results are not straightforward. For example, at reference sites, at high 




potentially indicates that the food quality of periphyton decreases with a change in light 
availability. While for agriculture sites, elevated turbidity (decrease in light availability), 
was correlated with a decrease in Peri C, Peri N and Peri P content, as well as C:N. This 
decrease in C:N is likely due to a decrease in both Peri C and Peri N content.   
4.4.3.3 Water Column Nutrients 
When considering C:N of periphyton in this study, solely based on mean ± 
standard deviation, the ratio appeared to reflect N-limited growth, as seen with the high 
deviation from defined C:N ratio of Redfield (1958) and Hillebrand and Sommer (1999). 
No replicates from any land-use or season category were below the defined ratios. 
However, this finding may suggest that the LSW tributaries, on average, were more C-
rich than the defined ratios suggest they should be. O’Brien and Wehr (2010) summarize 
that this may be attributed to greater detrital content in the periphyton, that is higher in C. 
This is likely valid considering my findings for mean N:P ratios. 
When evaluating the ratios of C:P and N:P, periphyton appeared to be under P-
nutrient limitation of growth, due to the high deviation of Redfield (1958) and Hillebrand 
and Sommer (1999) for mean N:P (Stelzer and Lamberti, 2001) and mean C:P. The 
majority of the replicates for C:P and N:P were above the defined ratios.  
Caution should be used when labeling the LSW tributaries as P-limited. Water 
column nutrients were not continuously monitored, so do not reflect the nutrient 
conditions over the entire growth phase of sampled periphyton communities. 
Furthermore, for my study, water column ratios had great variability for land-use and 
season where, on average, each was above an N:P ratio of 20. Keck and Lepori (2012) 




> 20. Based on linear regression, water column N:P did not significantly predict 
periphyton N:P for any sampling category. Many studies that focused on lotic waters 
were not successful in predicting the limiting nutrient for periphyton based on water 
column N:P (Keck and Lepori, 2012). As O’Brien and Wehr (2010) address, due to the 
nature of streams, deviations from the defined ratios do occur. The stoichiometric ratios 
presented in my study may be due to inherent sampling variability of the periphyton 
community present in the LSW tributaries, or the communities could be influenced by P-
limitation. Yet if periphyton were P-limited for growth during 2017, this may explain in 
part the lack of growth response between the seasons and land-uses, because there was no 
difference in TP and TDP throughout the watershed and sampling periods. There was 
also no difference between periphyton biomass indicators (Chla, DW and AFDW). 
In my study, the amount of periphyton N or P content rarely positively correlated 
with water column N or P. Only elevated spring nitrate concentrations positively 
correlated with high Peri P content. Although Fanta et al. (2010) reported a positive 
correlation between water column dissolved reactive phosphorus and Peri P, in my study, 
water column TP and TDP were not correlated with Peri P for any categories. Taylor et 
al. (2014) found that the variance of periphyton C:N, C:P and N:P was better explained 
by TP rather than TN. C:N and C:P ratios in my study showed mixed correlations with 
TKN and nitrite, as shown in Table B3.6 and explained above. Goodwin et al. (2009) 
determined the response of periphyton C:N:P was not significant with N (as nitrate) 
enrichment. However, periphyton biomass (Chla) and nutrient content (Peri C, N, P) in 




periphyton C:N and C:P were not indicative of N or P growth limitation (Goodwin et al., 
2009).  
4.4.4 Consumers 
During the fall, mean number of herbivores were significantly lower while 
predators were greatest. This may illustrate that with an increase in predators, there is a 
decrease in herbivores. Focusing on fall sampling, herbivores at reference sites were 
significantly lower than agriculture sites and, based on total number, predators followed 
this trend as well.  
Herbivore abundance, and subsequent predator abundance, may have been 
assisted with better food quality during the spring and fall when light availability was 
lower and when TDP (spring) and TKN (fall) were higher. This is supported by the fact 
that the total number of herbivores and predators were greatest during the spring and fall 
relative to summer.  
To maintain growth, consumers (including certain life stages) with high body N 
or P and high growth rates require food that is also high in N or P (Cross et al., 2003). So, 
if food resources become low quality, or low in N or P, the nutrient rich consumers may 
be more susceptible to lower growth or fitness (Cross et al., 2003). The contrasting 
situation is that consumers, or certain life stages, that do not require high nutrient food 
because they have low body N or P or low growth rates are not hindered by low food 
quality (Cross et al., 2003). Allocation of biomolecules plays a role in food quality 
demand as chitin has high N:P, and for higher trophic level vertebrates, bone has high P 
(Cross et al., 2003). According to stoichiometry theory, food quality is relative and based 




By potentially being selective in their food resources, consumers maintain elemental or 
biochemical balance (Laspoumaderes et al., 2010). Therefore, omnivores may be able to 
obtain more balanced nutrition because they are selecting food from various trophic 
levels to fill in nutrient gaps in their diet (Laspoumaderes et al., 2010). 
By comparing two headwaters, one nutrient poor and one experimentally nutrient-
enriched, Cross et al. (2003) found that invertebrates were highly variable in %P, %N and 
%C and invertebrates in the nutrient-rich stream were higher in %P and lower in C:P and 
N:P, as compared to the reference stream. Through focusing on taxa differences by 
considering the two streams together, Cross et al. (2003) found that Trichoptera and 
Ephemeroptera were lower in %P and %N as compared to Diptera, Odonata and 
Plecoptera. This may indicate that Trichoptera and Ephemeroptera were lower quality 
due to their lower P and N percentages. Between streams, Trichoptera was the only taxa 
where C:P was higher in the reference stream, as compared to the nutrient-rich stream 
(Cross et al., 2003). This suggests that Trichoptera were more nutrient poor in the 
reference stream with lower nutrients as compared to being more nutrient rich in the 
nutrient-rich stream. In my study, trichopterans were more abundant in urban tributaries 
in each season as compared to reference and agriculture tributaries. Urban tributaries had 
greater water column nitrate, as compared to agriculture tributaries, potentially allowing 
for better nutrient content available to trichopterans in urban tributaries.  
In a study focused on Copepoda stoichiometric regulation from species with 
different feeding strategies, Laspoumaderes et al. (2010) found that both in the herbivore 
and predator regimes, there was high stoichiometric imbalance with the food resource, 




highest values in adults. This indicates that the quality of copepods for higher trophic 
levels can change based on the life stage of individuals. Furthermore, the quality of food 
required by copepods may depend on the age of the individual. Branco et al. (2018) 
outlined that Copepoda are typically high in N:P so they prefer food that is high in N 
whereas Cladocera are typically low in N:P so growth is best with food rich in P. In my 
study, copepods dramatically increased at agriculture tributaries as the sampling year 
progressed, perhaps adding to a higher quality of prey for predators during the fall. 
Simuliidae and Chironomidae larvae and Trichoptera pupae likely make up the 
diet of Empididae (Ivković et al., 2012). In my study, there is no clear link between 
Empididae and its food source. Empididae were absent during the summer, urban sites 
during the spring and reference during the fall. Simuliidae were absent from reference 
sites during the spring, summer and fall. Chironomidae were present at all land-uses 
during all seasons and Trichoptera were present at all land-uses in all seasons. Plecoptera 
also feed on Chironomidae and Simuliidae and may alter their food choice based on life 
cycle and can feed opportunistically on any available food (Giller and Malmqvist, 2002). 
Plecoptera were absent from urban sites during the spring, absent from agriculture and 
urban sites during the summer and present at all land-uses during the fall. As with 
Empididae, there were no clear connections between the predator and its prey. Due to the 
low numbers of predators that a correlation or conclusion cannot be drawn. 
4.4.5 Biotic Communities 
4.4.5.1 Periphyton Community 
Periphyton diversity was variable across land-uses making local water quality and 




considered. For example, WHI (a reference site), characterized by high light availability 
and lower nitrate concentrations had high diversity during spring and summer. In 
contrast, UXB and KID, characterized by low light availability and high nitrate 
concentrations had high diversity during the fall.   
There could be an interplay with light and nutrients that contributed to the 
biomass differences for each land-use category during each season. Zhang et al. (2020) 
found that diatom density increased in open canopy/nutrient treatments, whereas 
cyanobacteria density was not different pre- and post-treatments (Zhang et al., 2020). 
Temperature, being significantly lower during the fall in my study, does not explain these 
differences as biomass was second highest during the fall. There could have been a 
change in substrate, as a result of elevated flow, that altered the density of some of the 
groups that primarily contributed to the biomass totals. Cattaneo et al. (1997) found that 
cyanobacteria and mobile diatoms were the dominant groups on finer substrates and 
adnate and filamentous algae were more common on larger substrates.  
Overall, diatoms were the dominant taxonomic group in periphyton communities 
(in terms of biovolume) at the majority of sites. Cyanobacteria and Chlorophyta were also 
dominant at a few sites. There were also several sites that did not have at least 50% 
biovolume from a single group. The shift in community structure from either a change in 
dominants to no dominants is not clearly explained by any physicochemical parameter. 
Chloride concentrations in the LSW significantly increased at urban sites. A survey of 
diatom communities along a chloride gradient in southern Ontario streams conducted by 
Porter-Goff et al. (2013) found that diversity indices measuring diatom species were not 




community changed substantially, where low chloride streams had predictable diatom 
communities and high chloride streams were less predictable. The lack of correlation 
between diversity measures and chloride concentrations may highlight a no net change in 
diversity as low chloride species were probably replaced with high tolerant chloride 
species (Porter-Goff et al., 2013).  
Nitrate concentrations may play a role in changes to community structure. In a 
study of downstream sites of agriculture inputs, Winter and Duthie (2000) found a 
reduction in diatom cover with an increase in green algae that was positively correlated 
with nitrate concentrations. Although not specifically tested in the LSW, operational golf 
courses along streams may have contributed to high nutrients, higher pH, disturbance, 
and a decrease in relative abundance of diatoms relative to other groups (in particular 
cyanobacteria) as compared to reference streams, where desmids were more common 
(Winter et al., 2003). In the LSW, cyanobacteria were more dominant at an agriculture 
site and an urban site, which was perhaps related to similar nutrients, pH and disturbance 
regimes as the golf course streams in the Winter et al. (2003) study.  
4.4.5.2 Macroinvertebrate Bioassessment 
Invertebrate diversity was greatest during the fall while total invertebrate 
abundance was greater at agriculture sites. Pollution tolerant Chironomidae was the most 
dominant taxon at sites when all seasons were considered together, except at KID, where 
pollution tolerant Oligochaeta was the most dominant. Sites with higher invertebrate 
diversity were MTA and HOT. Upon individual analysis of these sites during relevant 
seasons, it is not clear which physicochemical or periphyton parameter lead to the 




included slow moving water, silty sediment, and reduced amount of substrate available 
potentially decreasing the choice of drifting invertebrates, thereby concentrating 
communities on a few substrate options.  
EPTs were present at all reference sites in all seasons potentially indicating better 
water quality as they were not present at all agriculture nor urban sites. Furthermore, 
when land-use types were combined, TP during the spring and summer was a negative 
predictor of % EPT. Whereas chloride during the spring was a negative predictor of % 
EPT and during the summer, a positive predictor of % Oligochaeta. These trends for 
spring and summer broadly indicate that the invertebrate community were responding 
more to seasonal differences, rather than land-use differences. Nevertheless, Oligochaeta 
are known to respond positively with an increase in human perturbations and EPTs, being 
pollution sensitive or intolerant, respond negatively. These conclusions align with TP and 
chloride for spring and summer. However, when seasons are combined, and agriculture 
sites were analyzed using linear regression modelling of the invertebrate community 
assemblages as a function of physicochemical variables, nitrate was a positive predictor 
of % EPT. Although counter-intuitive, the positive association between nitrate and %EPT 
may be indirect, and related to a relationship between the periphyton community and 
nitrate, that was not captured in this study.  
With respect to land-use variables that influence invertebrate community 
structure, Wallace et al. (2013) measured direct relationships between road density and 
biotic indicators of urbanization in Toronto. Negative relationships were found between 
road density and benthic macroinvertebrate richness and diversity, whereas a positive 




(Wallace et al., 2013). Bazinet et al. (2010) compared urban sites in the Lake Ontario 
basin to agriculture sites in the Lake Simcoe basin to try and elucidate differences 
between those land-uses in terms of benthic invertebrate communities. The study found 
that with increasing urbanization, % Oligochaeta increased and there were decreases 
observed with % EPT, richness, and diversity (Bazinet et al., 2010).  
Whiles et al. (2000) evaluated Nebraska tributaries to identify sources of 
degradation and to determine the best standard rapid bioassessment method for northeast 
Nebraska. Similar to my study, Whiles et al. (2000) found that P concentrations (total and 
orthophosphate) were not different among sites, however nitrate, ammonia and TN 
concentrations were significantly different between some sites. In terms of 
bioassessment, % EPT and % Dominants were the best at discriminating between sites 
(Whiles et al., 2000), however this was not the case for the LSW. Perhaps sampling 
invertebrates over a broader range of environmental variables or increasing the number of 
sites within each land-use category would have provided a more definitive difference 
between pollution tolerant and intolerant taxa. Furthermore, in terms of periphyton 
biomass and nutrient content, there were no clear and consistent predictions for pollution 
intolerant or sensitive taxa. For example, at reference sites, periphyton C:P and N:P 
negatively predicted % Chironomidae yet this relationship was not found for agriculture 
nor urban sites.  
4.5 Conclusions, Limitations and Future Directions 
Overall, land-use did not have a significant influence on periphyton (i.e., food) 
quantity and quality for invertebrates, except for total biomass at reference sites, which 




had high canopy cover, low pH, high chloride and high nitrate. This study did not look at 
the nutritional quality of allochthonous matter, which may have influenced what 
consumers were eating, however, there may be limited opportunity for consumers to 
acquire allochthonous matter as a food source due to the flowing nature of tributaries, 
especially during a wet year. However, as noted by O’Brien and Wehr (2010), benthic 
algae is higher in quality in lotic systems as compared to allochthonous matter. 
Potentially making it more desirable for invertebrate consumers.  
Cross et al. (2003) highlight that imbalances between ratios of food and 
consumers should be the focus rather than food quantity and/or nutrient content. 
Consumer stoichiometry was not measured in the study as it was not a focal research 
objective. Given the findings within and between the seasonal datasets, it would be 
interesting to conduct stoichiometric analysis on the identified invertebrates to investigate 
the elemental imbalances between them and their food. There were elements not 
measured in this study that may have affected the growth of primary producers, which in 
turn would affect the nutrient stoichiometry of consumers. As summarized by Frost et al. 
(2005), iron affects C:Silica ratios in diatoms, and limits primary production and N-
fixation by cyanobacteria. Furthermore, primary production, N acquisition and P uptake 
can be limited by molybdenum, cadmium and zinc availability (Frost et al., 2005).  
There also appears to be a lack of predatory pressure on herbivores in the LSW. 
This may be due to the sampling technique used in my study, as one-time sampling 
during the day may have left out diel drifters. Some larger, more mobile predators, may 
not have been captured by the kick-net techniques, as it focused on benthic communities 




stage were not incorporated when assigning groups to ‘herbivore’ or ‘predator’. Top-
down control of periphyton biomass in this study was likely a factor, because when 
herbivore abundance was high, algal biomass was relatively low during the spring and 
fall. Conversely, when herbivore abundance was low, algal biomass was high, as seen 
during the summer.  
Based on the parameters measured in this study, there is no clear single 
explanation as to why herbivores or gastropods were present at the sites. This highlights 
the complex relationships between physicochemical parameters and biotic communities, 
especially when more than one trophic level is investigated across multiple land-uses and 
seasons. The findings of this field study highlight the importance of incorporating various 
seasons during one sampling year because of the implicit variation documented.  
Family Biotic Index (example Hilsenhoff, 1988) was not applied to this study due 
to the coarse level of identification of invertebrate groups, stopping at order for some. If 
identification were to take place to the family level, perhaps a more detailed or precise 
conclusion could have been made in relation to bioassessment. However, % EPT, % 
Chironomidae, species richness and diversity measures have all been successfully applied 
to other systems to gauge the health of the watershed. Also, this level of invertebrate 
taxonomic resolution is ideal for watershed monitoring programs that depend on 
community scientist volunteers with limited identification skills and expertise.   
 Using a variety of biotic metrics, including % pollution tolerant/intolerant taxon, 
% dominant and diversity can capture changes in the invertebrate community. Borisko et 
al. (2007) sampled the benthos from a range of streams throughout Toronto and 




taxa and Shannon’s Diversity Index) calculated at a larger geographical scale were 
redundant. Hilsenhoff index (modified) had the highest precision however was the least 
effective at discriminating among sites (Whiles et al., 2000). 
 Moving forward, understanding the response of invertebrates to established 
periphyton communities on natural substrate, should be incorporated in monitoring 
activities in the LSW. Periphyton stoichiometry should also be incorporated in order to 
fully understand the way periphyton are responding to ongoing land-use changes in the 
LSW. Nutrient content of periphyton was not necessarily affected by seasonal changes 
however there were periphyton quality responses and subsequent effects on the 
invertebrate community. 
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CHAPTER 5 – GENERAL CONCLUSIONS AND RECOMMENDATIONS 
5.1 Connecting the Community Survey Results to the 2016 Field Study Results 
There were three goals outlined for the community survey. The first goal was to 
investigate if cosmetic fertilizer application was an issue in the watershed. The results of 
the community survey indicated that nutrient input from urban sources in the LSW was 
likely, in part, due to cosmetic fertilizer application, as indicated by respondents that 
identify as regular fertilizers. The second goal was to determine if lawn care and fertilizer 
choices of the LSW residents were tied to views on the environment, motivations and/or 
socioeconomic factors. Regular fertilizers used at least one BMP. Furthermore, fertilizer 
application and frequency were associated with cognitive components (i.e. having an 
attractive lawn and neighbour lawn care choices). Fertilizer application and frequency 
were not associated with affective components and some socioeconomic variables. The 
final goal was to explore if a one-size-fits all education and outreach program was a 
feasible possibility to change resident fertilizer application and frequency in the LSW, 
which, as outlined in the next section, is likely not feasible.  
5.1.1 Policy and Future Implications of the Community Survey 
A one-size-fits all approach to outreach and education campaigns would not work 
well in the LSW. This was shown primarily due to the differing views in regards to the 
environment, understanding of fertilizers and water pollution, importance of having an 
attractive lawn, and concern for nearby waters. Women may be more open to hearing 
campaigns that include behavioural changes based on reasons surrounding nature 
preservation, having concern for environmental damage, and environmental impacts of 
fertilizer application. Men, on the other hand, may not respond to these points because 




environmental damage, and do not necessarily agree that fertilizer application could 
result in water pollution. Ultimately however, caution should be taken if campaigns 
employ nature preservation and environmental damage because affective components in 
this study, as with other studies (e.g., Carrico et al., 2013), were not associated with 
fertilizer application or frequency.  
If education and outreach campaigns are to have a high success rate in changing 
behaviour, they have to target neighbourhoods as a whole in order to address the 
perceived normative pressures from neighbours. Individuals may be less inclined to 
change their fertilizer application or frequency if they do not perceive their neighbours 
are doing the same. Campaigns to reduce cosmetic fertilizer use in the LSW should target 
spring and fall since this is when the highest percent of LSW residents may be fertilizing 
their lawn. There is opportunity to increase the response rate of the survey to further 
understand if any socioeconomic factors play a role in fertilizer application and perhaps 
using an already established email list may have missed potential respondents.  
The results demonstrated that outreach and education campaigns to reduce 
cosmetic fertilizer application that center on easy to adopt BMPs and increasing the 
resident knowledge about stormwater management and water pollution as a result of 
fertilizer application would benefit the LSW and increase the chances of a reduction of N 
and P input to urban tributaries. This project has confirmed the assumption that cosmetic 
fertilizer is an issue in the LSW. A logical next step, would be to put into practice an 
education and outreach campaign recommended from the project by doing urban 
watershed level comparisons using a before-after treatment. Similar to Dietz et al., (2004) 




determine if they will be effective in reducing N and P before they are rolled out to the 
entire watershed. 
5.1.2 Relationships between Fertilizer Application, Water Quality and Periphyton 
Response 
 
A major goal of this research project was to determine if there was a periphyton 
biomass response in urban tributaries to cosmetic fertilizer input. By asking the 
respondents of the community survey their fertilizer application intentions for the 2016 
growing season, I was able to explore the survey responses (Chapter 2) concurrently with 
the 2016 field results (Chapter 3). From the community survey (Chapter 2), postal code 
was not relevant as to whether or not a respondent regularly fertilized their lawn nor for 
fertilizer application frequency (Figure 5.1). Based on the survey results, respondents 
from rural/agriculture and urban postal codes were applying fertilizer and at similar 
frequencies. 
 
Figure 5.1. Clustered bar graphs showing the non-significant associations between respondents that 
identified as having a city or rural/agriculture postal code and not regular and regular fertilizers, left, and 
seasonal fertilizer application frequency when spring, summer and fall are combined, right.  
 
 
When analyzing the water quality data, there was a significant difference for an 
interaction effect between land-use and season for TP (F(4,31) = 8.352, p < 0.0011; 
Figure 3.8, Chapter 3). Tukey post-hoc test revealed significant differences between two 




agriculture summer and agriculture fall (p < 0.05). Agriculture summer sites had the 
highest TP concentrations whereas urban spring and agriculture fall had the lowest. When 
land-use was isolated to explore its effect on TP, there was no difference in TP between 
agriculture and urban sites however TP at both agriculture and urban sites was 
significantly higher than reference sites (F(2,35) = 10.637, p < 0.0001; Figure 3.8, 
Chapter 3). There was no difference in nitrate between reference and agriculture sites, yet 
nitrate was significantly higher at urban sites compared to reference sites (F(2,31) = 
4.210, p = 0.02; Figure 3.9, Chapter 3). As shown in figure 3.9, there was more 
variability of TN at urban sites for all seasons and that the mean value for TN at urban 
sites was slightly higher than the other land-uses. 
Increased nutrient input from urban sources are a definite issue in the LSW with a 
very probable source being cosmetic fertilizer input. One reason for this is because urban 
nutrient concentrations in 2016 were similar if not greater as compared to agriculture 
tributary nutrient concentrations. A high nitrate signature from urban sites compared to 
the other land-uses is intriguing.  
Nitrate is typically higher in weight, relative to phosphorus and potassium, in 
cosmetic fertilizers. Any nitrogen from fertilizer that is not acquired by grass, denitrified 
or volatilized by soil microbes, or retained in the soil will be leached (Barton and Colmer, 
2006). Barton and Colmer (2006) noted that the amount of nitrogen leached from 
residential landscapes is influenced by the amount and frequency of irrigation, 
fertilization and the growth phase of the grass. They summarized that low levels of 
leached nitrogen can be accomplished by 1) minimizing soil water movement so that 




and frequency that matches grass demand, 3) returning grass clippings without supplying 
additional nitrogen inputs, and 4) consider the age of the grass. Furthermore, Cheng et al. 
(2014) noted that nitrate leaching will occur from grass when irrigation is excessive 
despite following recommended fertilizer application rates. Shuman (2001) demonstrated 
that nutrient leaching from porous soil golf greens will increase if irrigation rates exceed 
evapotranspiration rates.  
Given this information, the amount of vegetation found on residential lawns is 
minimal relative to that found on agriculture fields. There are more opportunities for 
nitrogen to be used by agriculture crops as compared to grass on manicured lawns. 
Furthermore, the depth of soil profile may be more substantial on agriculture fields 
allowing for a longer retention time of nitrogen as compared to residential lawns, 
especially if those residential lawns are installed on subsoil. As summarized by Law et al. 
(2004), groundwater from agriculture fields could have higher nitrate concentrations from 
long-term fertilizing. When agriculture fields are converted to urban landscapes, a 
challenge on how to mitigate nutrient inputs from urban land-uses arises due to legacy 
agriculture nitrate with the addition of cosmetic fertilizer input (Law et al., 2004).  
Land-use was not a prominent driver of periphyton biomass response in this 
study. Field studies conducted in 2016 (Chapter 3) showed there were no significant 
differences between agriculture and urban tributaries for periphyton biomass response 
indicators; Chla, DW and AFDW. As explored in Chapter 3, this lack of response may be 
explained by light limitation and/or chloride stress. Another potential factor influencing 
periphyton biomass is pesticide (especially herbicide) application in the LSW. Herbicide 




dry brown grass had the longest herbicide resident time (72 h after application), while 
simulated wet grass had the shortest resident time (48 h after application) (Knapp et al., 
2013). Herbicide resident time on recently mowed grass was not different than dry or wet 
green grass (Knapp et al., 2013). Given this information, if herbicides are applied to 
lawns and then irrigated or applied prior to a rain event, there is a possibility that the 
herbicides could be washed into local surface waters via overland flow up to 72 hours 
post application.  
Spalding and Snow (1989) monitored dissolved pesticide residues during a spring 
runoff event in an agriculture watershed and found that some herbicide concentrations 
detected at low levels during peak stream discharge whereas other pesticides were 
detectable at maximum concentrations prior to peak stream discharge. Furthermore, when 
a large rainfall occurred one month after herbicide application to soil, Ferenczi et al. 
(2002) found detectable levels of herbicides in stream water. Robbins and Birkenhltz 
(2003) summarize that a United States Geological Survey on national water quality 
detected at least one pesticide in 99% of urban stream samples where insecticides were 
found at elevated concentrations and at higher frequencies from urban watersheds as 
compared to agriculture and other watershed land-uses. With very little regulations 
surrounding consumer cosmetic chemical application to lawns in the United States, this 
finding may point to a worst-case scenario for pesticides originating from urban 
watersheds. Although detectable levels in Ontario may not be this high, this finding does 
illustrate that pesticides can be mobile and find their way to surface waters. Furthermore, 
Giner et al. (2013) summarized that in the United States, residential lawns can account 




a concern for pesticide concentrations in surface waters given the sheer number of 
potential households that could be applying the toxicants to their lawns.  
The presence of herbicides can have an impact on the lotic algae community. In a 
study investigating the impact of the herbicide atrazine on periphyton growing on 
artificial substrate, Guasch et al. (1998) found that diatom-dominated communities were 
more tolerant to the presence of atrazine compared to green and chrysophyte dominated 
communities. Diatom taxa associated with atrazine tolerance were also typically tolerant 
of organic pollution (Guasch et al., 1998). Additionally, the field sites that had the highest 
atrazine concentration were also the most polluted, and there were consistently high 
atrazine concentrations with elevated phosphate and nitrate at the site suggesting an 
adaptability to atrazine and nutrient enrichment (Guasch et al., 1998). In another study, 
Debenest et al. (2009) exposed diatoms to elevated concentrations of the agricultural 
herbicides isoproturon and s-metolachlor. In microcosms treated with isoproturon, 
chlorophyll a and c and viable cell density of diatoms decreased with respect to control 
conditions (Debenest et al., 2009). Overall these studies highlight that herbicides can 
have an effect on algal communities, including complex interactions with 
physicochemical parameters that may either promote or impede lotic algae growth and 
colonization.  
As of March 2017, the Government of Canada decided to continue to allow the 
use of atrazine in pesticide products as a pre- and post-emergence weed control for corn, 
rapeseed, non-cropland, and industrial lands (Government of Canada, 2011). 
Furthermore, isoproturon is used to inhibit broad leaved weeds and annual grasses in 




cosmetic pesticide ban became effective April 22, 2009, where certain pesticides can not 
be applied to lawns, gardens, impermeable surfaces, cemeteries, parks and schools for the 
purpose of cosmetics (Newsroom Ontario, 2009). Except for farmers or licensed 
exterminators, the ban lists 131 Class 9 ingredients that cannot be found in pesticide 
products for cosmetic application (MOECP Class 9 Pesticides, 2019). However, 
homeowners can use Class 11 ingredients, where 73 ingredients are listed, found in 
biopesticides and lower risk pesticides to manage cosmetic aspects of lawns and gardens 
(MOECP Class 11 Pesticides, 2019).  
This ban has potentially led to a decrease in the use of pesticides by individual 
residents, however, the ban is clear that in some situations and by some individuals, Class 
9 banned ingredients can be applied to residential lawns for cosmetic purposes. There are 
also many anecdotal stories of neighbours using pesticides that have been purchased 
online and/or brought back from the United States. These studies indicate that a variety of 
pesticides are used, can be lost to surface waters, and have an impact on algal 
communities, both in agriculture and urban environments. 
Although there was not a periphyton response that was dependent on land-use 
across sites, the potential impact of the nutrient concentrations on periphyton in urban 
tributaries and Lake Simcoe is a valid concern. For this reason, I recommend that the 
Province of Ontario consider implementing an education and outreach campaign, 
potentially on a smaller scale to begin, that matches with the community survey 
responses and conclusions discussed in Chapter 2. This will be especially true for new 
urban areas being developed. Targeting new neighbourhoods may assist in addressing 




5.2 Synthesis of Water Quality and Periphyton Results (2016 and 2017)  
5.2.1 Water Quality 
 In both 2016 and 2017, nitrate was significantly higher at urban sites compared to 
reference sites, and there was an interaction effect of land-use and season for TP in 2016. 
Table 5.1 shows the mean and standard deviation of TN, TP, chloride, and discharge 
between years. Overall, TN and TP were greater in 2017 as compared to 2016. Chloride 
and discharge appeared to be relatively consistent between the two sampling years, which 
is particularly interesting given a level-2 drought was designated in the LSW in 2016, and 
2017 was a notably wetter year than 2016.  
In 2017, average concentrations of TN were greater than the water quality targets 
of 1.0 mg/L used to prevent TN accumulation in reservoirs and drinking water (EC, 
2016). This was also true for urban sites in all seasons during 2016. TP, can affect 
reservoir structure and function being fed by tributaries with a concentration of ≥ 0.10 
mg/L (OME, 1994). In either sampling year, TP did not have mean values ≥ 0.10 mg/L, 
showing that TP in the LSW was not a major water quality concern. This finding 
reinforced that potential reductions have been made in phosphorus inputs (MOECP, 
2015), yet nitrogen is elevated and/or may be increasing.  
As with phosphorus, nitrogen can originate from a variety of sources. Kaushal et 
al. (2011) noted several, including fertilizers, atmospheric deposition, septic systems, 
sewage leaks and groundwater. Groundwater is an important consideration because as 
Kaushal et al. (2011) explain, nitrification and denitrification in subsurface soil and 
groundwater can transform nitrogen before entering surface waters, which could make 




modelling, changes in land-use/land cover from a loss of forests caused an increase in 
total nitrogen, total suspended solids and runoff volume whereas total phosphorus loading 
increased with an increase in the area of grasses. Through isotope analyses, Jani and Toor 
(2018) demonstrated that mixing different sources controlled nitrate transport from land 
to water. These sources were dominated by nitrification, then soil and organic N sources, 
then nitrate fertilizers, and finally ammonium fertilizers (Jani and Toor, 2018).   
Comparable levels of phosphorus, in 2017, were reaching Lake Simcoe from all 
land-use types measured in the study indicating that agriculture and urban sites were 
contributing similar levels of phosphorus as ambient, or reference, conditions. Given this 
finding, efforts to reduce phosphorus loading should be applied throughout the watershed 
where ambient or more natural land-use/land-cover should not be overlooked. Efforts 
may have to focus on reducing phosphorus via atmospheric deposition, which includes 
natural sources such as pollen and wind transport (LSPRS, 2010). Wind transport is 
separated to specifically address atmospheric sources from construction, dirt/gravel roads 
and agriculture operations, to name a few (LSPRS, 2010). The LSPRS (2010) identified 
several BMPs in place that have and will continue to assist with atmospheric deposition 
that center on soil conservation, preserving on-site vegetation and installing windbreaks.   
Frazer et al. (2019) outline that various studies have determined conflicting results 
based on nitrogen and phosphorus and fluxes from agriculture and urban watersheds. 
Non-point source nutrient fluxes are complex, especially when comparing base and high 
flow from agriculture and urban land-uses. This makes determining management 
strategies difficult yet necessary, due to the increase in urban development and the need 




In 2016 and 2017, chloride significantly increased across the measured land-use 
gradient, from reference to agriculture to urban. Chloride concentrations at urban sites 
during all seasons in both years were on average greater than long-term aquatic life 
toxicity concentrations of 120 mg/L. The elevated levels of these parameters also 
highlight the issues of the flowing nature of tributaries. If concentrations are elevated at a 
given point along the tributary, then concentrations will either remain the same or 
increase as water flows toward Lake Simcoe. Given this, tributaries can have a drastic 
impact on the amount of nutrients and chloride at near shore sites in the Lake. Because 
urban sites had elevated TN, TP (2016) and chloride, these tributaries are serving as 
important sources of these pollutants to Lake Simcoe.  
 In 2016 and 2017, there were no significant differences for discharge rates even 
though 2016 was considered a drought year and 2017 a wet year. This may be an artifact 
of variable timing of high discharge events during each sampling season, where 2016 
may have been drier in the summer, but was wetter in the fall, increasing the overall 
mean discharge. Additionally, I personally witnessed discharge pulses related to storm 
events during some site visits. Perhaps more site visits to measure discharge rates more 
frequently would have provided better representation of a drought versus wet year.  
Comparable discharge rates throughout the watershed in both sampling years 
could indicate that the watershed as a whole was receiving similar precipitation pressures 
during the complete ice-free sampling time (Figure B3.20). Frazer et al. (2019) outlined 
that high flow events could be interpreted as storm events, elevated flows, prolonged wet 
periods, snow melts and/or smaller-scale precipitation impacted by already saturated 




disturbance events, was measuring high flow events based on saturated soils. So that even 
if discharge rates were not conspicuously elevated, these higher flow events can cause 
differences in nitrogen and phosphorus fluxes to receiving surface waters. Kaushal et al. 
(2011) identified large changes in nitrate sources were a function of runoff from urban 
areas. They determined a source of nitrogen during baseline flow was from wastewater 
(Kaushal et al., 2011). During a high flow storm event in a long and narrow dam 
reservoir in China, Chen et al. (2018) found an increase in ammonium and dissolved 
reactive phosphate with a decrease in Chla. With an increase in discharge, there was a 
dilution of nitrate then a subsequent increase which Chen et al. (2018) attribute to a 
delayed groundwater input. Following this high flow, Chla increased (Chen et al., 2018). 
A Cyanophyta bloom occurred 10 days following the storm event which Chen et al. 
(2018) attributed to phosphate and ammonium as opposed to nitrate (Chen et al., 2018). 
Shore et al. (2017) investigated phosphorus from agriculture catchments during baseflow 
and stormflow. They found that phosphorus concentration and duration were elevated 
during baseflow as compared to stormflow (Shore et al., 2017). Furthermore, summer 
phosphorus concentrations during low-flow and baseflow were consistently high (Shore 
et al., 2017). When comparing storm events between smaller agriculture and urban 
watersheds, Frazer et al. (2019) found nitrate concentrations were lower or similar to 
baseflow for both land-uses and orthophosphate concentrations were higher than 
baseflow, also for both land-uses. Furthermore, when comparing between land-uses, 
Frazer et al. (2019) found that throughout the 292 days of data collection, urban had 





Table 5.1. Mean (± standard deviation) of all replicates for parameters, Total Nitrogen (TN), Total Phosphorus (TP), Chloride and Discharge for each land-use 
(Reference, Agriculture and Urban) and season in 2016 and 2017 sampling. Spring sampling occurred in June, Summer sampling occurred in August and Fall 
sampling occurred in late September or early October. As outlined in text, toxic or disturbance causing TN concentration is ≥ 1.0 mg/L, TP concentration is ≥ 
0.10 mg/L and Chloride is ≥ 120 mg/L. 
Parameter 






TN (mg/L) Spring Summer Fall Spring Summer Fall 
   Reference 0.69 (± 0.34) 0.36 (± 0.29) 0.57 (± 0.37) 1.10 (± 0.22) 1.25 (± 0.56) 1.35 (± 0.70) 
   Agriculture 0.68 (± 0.62) 0.69 (± 0.40) 0.90 (± 0.75) 1.37 (± 0.84) 1.18 (± 0.71) 1.37 (± 0.85) 
   Urban 1.58 (± 1.17) 1.58 (± 1.41) 1.24 (± 0.72) 1.78 (± 0.83) 2.15 (± 1.08) 3.02 (± 1.43) 
TP (mg/L) 
   
   
   Reference 0.00 (± 0) 0.019 (± 0.0070) 0.014 (± 0.0058) 0.033 (± 0.011) 0.053 (± 0.026) 0.057 (± 0.043) 
   Agriculture 0.043 (± 0.024) 0.059 (± 0.028) 0.017 (± 0.011) 0.096 (± 0.043) 0.075 (± 0.034) 0.043 (± 0.020) 
   Urban 0.013 (± 0.0076) 0.037 (± 0.010) 0.021 (± 0.020) 0.079 (± 0.021) 0.077 (± 0.071) 0.060 (± 0.054) 
Chloride (mg/L) 
   
   
   Reference 23.00 (± 11.54) 20.11 (± 8.95) 23.89 (± 12.33) 15.28 (± 5.78) 15.62 (± 5.41) 38.11 (± 11.96) 
   Agriculture 106.60 (± 59.78) 82.00 (± 36.50) 76.33 (± 57.58) 70.13 (± 28.24) 81.07 (± 39.15) 109.60 (± 65.46) 
   Urban 490.56 (± 324.99) 312.17 (± 239.76) 362.94 (±260.95) 275.06 (± 183.85) 391.33 (± 252.44) 464.06 (± 326.06) 
Discharge (m3/s) 
   
   
   Reference 0.20 (± 0.20) 0.17 (± 0.14) 0.12 (± 0.10) 0.24 (± 0.16) 0.21 (± 0.15) 0.15 (± 0.22) 
   Agriculture 0.32 (± 0.50) 0.23 (± 0.24) 0.19 (± 0.11) 0.32 (± 0.21) 0.12 (± 0.094) 0.20 (± 0.27) 








5.2.2 Periphyton Biomass and Community Composition 
 Not surprisingly, the vast majority of measurements of periphyton biomass (Chla, 
DW, AFDW and Total Biomass) were greater and more variable during the 2017 
sampling year (Table 5.2). This is likely the product of the substrate being sampled 
because 2016 represented a minimum growth on colonizing periphyton on artificial 
substrate where growth was limited by 21 days. On the opposite spectrum, established 
communities were sampled in 2017 on natural substrate representing a potential 
maximum growth during the ice-free season. There were, however, three instances when 
2017 biomass parameters were less than those recorded in 2016. AFDW during the spring 
for agriculture (1.85 ± 1.57 mg/cm2) and urban (2.62 ± 1.60 mg/cm2) in 2017 were less 
than those same categories in 2016; 3.27 ± 10.74 mg/cm2 for agriculture and 2.60 ± 8.71 
mg/cm2 for urban. The 2016 values were much more variable than those in 2017. The 
greater values in 2016 were driven by MTA for agriculture sites and BUN for urban sites, 
where one replicate was substantially greater than the other replicates. The third 
incidence occurred with total biomass for fall agriculture sites where in 2016, total 
biomass was greater and more variable at 2256.91 ± 3502.65 mg/cm2 and in 2017, it was 
1323.44 ± 1130.88 mg/cm2. This greater total biomass was driven by MTA and HEW. 
Algal groups contributing to the higher biomass at these sites were, for MTA, there were 
higher amounts of diatoms and cyanobacteria and for HEW, there were higher amounts 
of diatoms and Chlorophyta.  The drivers behind the greater values was not clear as TN 
and TP were on average, lower for Spring 2016 as compared to 2017, agriculture and 
urban sites. Chloride was however greater for these two categories. Discharge in 2016 for 




same holds true for fall agriculture sites. The decrease in AFDW (spring agriculture and 
urban sites) and Total Biomass (fall agriculture sites) in 2017 is likely due to natural site 
variation where sampling occurred at a time when average values reflected a lower 
measurement. 
 There are a couple stark differences between 2016 and 2017 algae group biomass 
(based on biovolume) (Table 5.3). Euglenophytes were predominantly absent from all 
land-uses during spring and summer 2016. Furthermore, only two sites (one each for 
agriculture and urban) contained Charophyta during the summer of 2016. Finally, there 
were no Chrysophyta identified during 2016. Abiotic parameters do not appear to be 
driving these findings. It may be due to the rarity of these groups in 2016 that they were 
not identified. If more cells were to be counted, perhaps there would have been more 
individuals from these three groups in 2016. However, the fact that 2017 had 
representations from these seven algae groups, speaks to the diversity and likelihood of 
sampling rarer taxa of established communities on natural substrates. 
 Table 5.3 also highlights the differences between the dominant groups, diatoms 
and cyanobacteria, between sampling years. In 2016, Diatom biomass was greater for 
spring reference sites, summer agriculture sites, and fall agriculture and urban sites, as 
compared to 2017. Furthermore, 2016 cyanobacteria biomass was greater or comparable 








Table 5.2. Mean (± standard deviation) of all replicates for parameters, Chlorophyll a (Chla), Dry Weight (DW), Ash Free Dry Weight (AFDW) and Total 
Biomass (TBMS; calculated from biovolume of identified periphyton groups) for each land-use (Reference, Agriculture and Urban) and season in 2016 and 2017 
sampling. Spring sampling occurred in June, Summer sampling occurred in August and Fall sampling occurred in late September or early October.  
Parameter 






Chla (µg/cm2) Spring Summer Fall Spring Summer Fall 
   Reference 1.49 (± 1.15) 3.35 (± 1.81) 3.32 (± 1.69) 6.91 (± 4.32) 9.44 (± 5.86) 15.85 (± 8.73) 
   Agriculture 3.73 (± 3.64) 4.85 (± 5.76) 4.69 (± 7.05) 5.80 (± 6.40) 13.11 (± 11.22) 7.66 (± 9.47) 
   Urban 3.85 (± 7.34) 2.64 (± 2.67) 4.15 (± 5.54) 7.33 (± 7.22) 9.00 (± 5.71) 8.41 (± 9.57) 
DW (mg/cm2)       
   Reference 10.78 (± 15.21) 16.59 (± 19.91) 10.69 (± 5.77) 14.32 (± 9.01) 43.79 (± 74.38) 50.74 (± 35.62) 
   Agriculture 12.21 (± 11.82) 15.15 (± 10.15) 7.01 (± 8.50) 16.79 (± 19.51) 25.98 (± 18.61) 29.75 (± 39.72) 
   Urban 8.59 (± 13.97) 17.04 (± 24.43) 11.68 (± 9.96) 30.13 (± 36.22) 25.58 (± 19.09) 35.90 (± 67.02) 
AFDW (mg/cm2)       
   Reference 0.39 (± 0.23) 1.01 (± 0.34) 1.23 (± 0.43) 2.09 (± 0.89) 2.87 (± 1.99) 5.64 (± 3.40) 
   Agriculture 3.27 (± 10.74) 1.12 (± 0.64) 0.57 (± 0.37) 1.85 (± 1.57) 2.93 (± 1.51) 2.24 (± 2.17) 
   Urban 2.60 (± 8.71) 0.96 (± 0.78) 1.07 (± 0.77) 2.62 (± 1.60) 2.73 (± 1.40) 2.97 (± 4.06) 
TBMS (mg/cm2)       
   Reference 2197.62 (± 1765.91) 3628.64 (± 3140.88) 4705.52 (± 5921.44) 2658.00 (± 1231.90) 9557.88 (± 10282.7) 7072.78 (± 9220.36) 
   Agriculture 1084.85 (± 846.14) 1853.94 (± 1643.78) 2256.91 (± 3502.65) 1817.51 (± 2287.66) 2149.47 (± 1133.34) 1323.44 (± 1130.88) 











Table 5.3. Mean (± standard deviation) of all replicates for biomass (based on biovolume) of each identified periphyton group; Euglenophyta (Eug), Diatoms 
(Dia), Cyanobacteria (Cyan), Nanoflagellates (Nano), Charophyta (Char [Desmids]), Chlorophyta (Chlor) and Chrysophyta (Chrys), for each land-use 
(Reference, Agriculture and Urban) and season in 2016 and 2017 sampling. Spring sampling occurred in June, Summer sampling occurred in August and Fall 
sampling occurred in late September or early October.  
Parameter 






Eug (mg/cm2) Spring Summer Fall Spring Summer Fall 
   Reference 0.70  0 6.15 (± 1.68) 229.06 (± 364.91) 239.94 (± 415.59) 0  
   Agriculture 9.42 (± 6.40) 0 3.60 (± 1.39) 257.77 (± 552.31) 155.21 (± 344.07) 2.53 (± 2.52) 
   Urban 0 0 36.18 (± 43.75) 154.94 (± 241.55) 16.22 (± 17.20) 0.44 (± 0.44) 
Dia (mg/cm2)       
   Reference 1698.75 (± 1325.4) 4307.62 (± 2422.75) 4319.69 (± 5773.70) 1374.13 (± 158.61) 8507.42 (± 10660.20) 6374.36 (± 8777.93) 
   Agriculture 738.38 (± 705.22) 1474.19 (± 1603.63) 2131.99 (± 3173.32) 1188.36 (± 1677.05) 1359.99 (± 900.91) 937.20 (± 821.12) 
   Urban 733.09 (± 823.66) 371.86 (± 275.06) 1663.94 (± 2387.12) 1420.01 (± 1729.69) 1920.32 (± 1484.10) 704.24 (± 625.17) 
Cyan (mg/cm2)       
   Reference 445.66 (± 497.91) 672.96 (± 184.29) 316.85 (± 130.17) 289.86 (± 152.97) 466.68 (± 189.57) 546.80 (± 391.40) 
   Agriculture 258.78 (± 165.49) 283.23 (± 104.59) 322.28 (± 232.60) 177.41 (± 85.19) 193.69 (± 141.28) 180.30 (± 122.87) 
   Urban 245.87 (± 127.61) 312.85 (± 180.09) 349.92 (± 340.80) 243.19 (± 116.01) 312.59 (± 188.41) 2307.61 (± 5144.68) 
Nano (mg/cm2)       
   Reference 36.38 (± 16.34) 25.78 (± 10.64) 21.19 (± 13.08) 17.86 (± 4.45) 74.10 (± 53.26) 31.30 (± 17.77) 
   Agriculture 34.09 (± 14.51) 46.11 (± 41.16) 19.52 (± 20.61) 25.17 (± 15.78) 125.18 (± 78.83) 14.98 (± 6.40) 
   Urban 22.87 (± 17.29) 43.51 (± 36.10) 26.71 (± 17.37) 19.85(± 10.14) 119.41 (± 84.18) 19.18 (± 5.41) 
Char (mg/cm2)       
   Reference 2.94  0 34.48 (± 16.33) 76.00 (± 52.78) 57.67 (± 87.15) 77.84 (± 85.43) 
   Agriculture 18.93 (± 14.04) 55.93 43.55 (± 54.32) 74.48 (± 44.39) 70.93 (± 39.40) 49.46 (± 48.51) 
   Urban 25.53 (± 4.07) 52.85 27.06 (± 16.59) 55.36 (± 29.76) 58.48 (± 40.78) 33.28 (± 18.19) 
Chlor (mg/cm2)       
   Reference 15.61 (± 13.49) 58.13 (± 88.62) 7.15 (± 4.83) 670.77 (± 1078.28) 212.05 (± 65.05) 42.48 (± 62.12) 
   Agriculture 37.72 (± 48.37) 39.22 (± 20.67) 292.55 (± 507.54) 63.82 (± 47.11) 210.46 (± 159.64) 132.11 (± 254.81) 
   Urban 16.06 (± 7.15) 60.45 (± 84.31) 23.05 (± 29.74) 503.72 (± 1136.44) 1245.00 (± 2479.50) 286.99 (± 504.61) 
Chrys (mg/cm2)       
   Reference - - - 0.34 (± 0.59) 0 0 
   Agriculture - - - 30.52 (± 36.53) 34.02 (± 72.82) 6.88 (± 8.33) 




5.3 Invertebrate Communities and Periphyton Food Quality Stoichiometry as a 
Function of Land-use Type in the Lake Simcoe Watershed 
 
 The 2017 field season was focused on collecting data to address objectives 
surrounding water quality, periphyton biomass and nutrient content and associated 
invertebrate responses.  
 Water quality was lower at urban sites in terms of nitrate and chloride and 
temperature was lower during the fall and season had no effect on water quality. Land-
use category did not have a drastic effect on periphyton biomass and nutrient content. 
However, biomass and nutrient content were variable across land-uses indicating that 
local water quality, and not land-use type, may be more important in driving periphyton 
biomass and stoichiometry responses. Pollution intolerant taxa were more abundant at 
reference sites during each season indicating that water quality was better at reference 
sites, which was not the case for agriculture and urban sites. However, pollution tolerant 
taxon was present in comparable amounts at all land-uses and seasons.  
 Seasonal differences had an impact on herbivore and gastropod abundance, and 
invertebrate diversity showing that the time of year when field sampling is completed 
could have an impact on bioassessment conclusion. 
5.4 Study Limitations and Future Directions 
 
To explore any effect that pesticides may have on the periphyton community, 
future research would ideally include sampling for pesticides at each tributary site. 
However, the list of potential ingredients that could be used by households is extensive so 
sampling would be expensive and time consuming. A way to gauge pesticide application 
by residents of a given watershed would be to deploy another community survey with the 




application. This could provide insight into the types of pesticides and the frequency of 
application which could help researchers understand any lack of periphyton response. 
Furthermore, it could provide information on the amount of these stressors originating 
from urban land-uses. Knowing that environmental views are not tied to fertilizer 
application or frequency, this section can be removed and replaced with pesticide and salt 
application questions. Environmental views are likely to be consistently different 
between the sexes so information would not be lost if this section were removed. 
Sensitivity, with respect to pesticide use, in question wording and question placement 
within the survey would have to be used as individuals may be using banned pesticides 
and may not be willing to share their true actions.  
Another limitation related to geographic coverage of the LSW was the absence of 
the Holland Marsh, a prominent agriculture area, in this study. The phosphorus and 
nitrogen inputs from a very large-scale agricultural area such as the Holland Marsh may 
have increased the maximum range of nutrient concentrations in the agriculture land-use 
category of this study. Holland Marsh was not included in this study because it was 
downstream of other better test site candidates and because of limited accessibility for 
sampling. However, if Holland Marsh or other larger scale agriculture areas were 
included, they may have been greater differences between urban and agriculture land-
uses with respect to nutrient concentrations. However, irrespective of the total 
agricultural and urban nutrient inputs to Lake Simcoe, this study showed that urban 
environments contribute higher concentrations of nutrients to LSW tributaries than the 
agriculture sites, and this is cause for concern. Since nitrate was particularly elevated at 




mitigation measures. One approach would be to use dual nitrate stable isotopes (nitrogen 
and oxygen), in conjunction with a mass balance to delineate nitrate hot-spots and source 
locations (Kaushal et al., 2011). 
To obtain a more complete picture of periphyton nutrient quality, fatty acid (FA) 
profiles of periphyton could be determined. There are two groups of FAs that are 
important; 1) saturated fatty acids (SAFAs) and monounsaturated fatty acids (MUFAs) 
and 2) polyunsaturated fatty acids (PUFAs). SAFAs and MUFAs have none or one 
double bond, respectively, and are typically used as a source and storage form of energy 
because they are high in calories (Brett and Müller-Navarra, 1997; Hill et al., 2011) and 
are considered lower in quality. PUFAs have two or more double bonds and have roles in 
maintaining fluidity, flexibility and selective permeability to cell membranes (Funck et 
al., 2015), are primarily found in photosynthetic membranes, especially chloroplasts (Hill 
et al., 2011), and for the most part is considered essential and of higher quality. Higher 
food quality periphyton would have greater amounts of highly unsaturated fatty acids 
and/or long-chain highly unsaturated fatty acids, such as α-linolenic acid (ALA), 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), especially since these 
three are required by many aquatic macroinvertebrate consumers (Bi et al., 2014).  
The artificial paver selected to assess colonizing periphyton proved successful at 
especially flashy urban sites. Using this growth substrate, deploying more pavers at each 
site to sample at 21, 28 and 35 days in the three ice-free seasons to assess bottom-up and 
top-down effects on the periphyton community would be an appropriate next step. 
Furthermore, sampling abiotic parameters more frequently (e.g., continuous sensors) 




water quality and the physical environment that colonizing periphyton communities have 
responded to.  
5.5 Final Thoughts 
 
Overall, this study demonstrated that water quality from urban land-uses are the 
same or worse as compared to reference and agriculture land-uses. This is especially true 
for nitrate and chloride. This study also showed that cosmetic fertilizer application in the 
LSW is an issue that needs to be addressed via education and other mitigation 
approaches. By reducing nutrient input at the source, through altering consumer 
behaviour, it will reduce nutrient input to Lake Simcoe and be far more cost-effective 
than trying to remove the nutrient pollution from receiving waters.  
The second gap in the literature was to address the availability of nutrients to 
benthic primary producers. There was not an increase in periphyton biomass nor change 
in indicator taxa with an increase in nutrients, which may have been due to light 
availability and/or toxic concentrations of chloride. There was a periphyton nutrient 
content response across land-uses, however. This showed that assessing the nutrient 
content of periphyton, in addition to biomass indicators, can add valuable information 
about trophic implications (such as food resources and resulting consumer response) and 
provides a broader picture of a periphyton response. Furthermore, periphyton biomass 
and nutrient content were related to abiotic parameters at different land-uses, although 
not consistent. The results did highlight that periphyton studies, either colonizing or 
established communities, require investigation throughout the complete ice-free season in 
temperate climates. If periphyton are sampled in a single season, incorrect or incomplete 




The third and final gap addressed for this project showed that invertebrate 
sampling proved valuable as it allowed for more complete picture of the lower food web 
dynamics in LSW tributaries as a function of land-use type. Herbivores generally 
exhibited a negative predictive relationship with a variety of abiotic parameters and 
periphyton metrics, including biomass and nutrient content. These relationships were 
revealed in conjunction with season and land-use being included in the analysis. In the 
event that citizen or community science is used to continue monitoring of the LSW 
tributaries, identification of invertebrates to order does provide valuable information both 
in terms of relationships with periphyton and water quality.  
Ultimately, this project successfully investigated novel questions concerning 
urban nutrient sources to Lake Simcoe and associated biotic responses. These findings, 
improve the understanding of urban land-use impacts, and will assist decision makers 
about next steps to reduce urban sources of nutrients to Lake Simcoe. 
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Appendix A.1 Community Survey (Chapter 2) 



















Use of Fertilizer in the Lake Simcoe Watershed Project 
Welcome to the Fertilizer and Lake Simcoe Watershed Community Survey! 
 This survey includes 3 sections and is designed to help UOIT researchers understand 
general attitudes towards the environment, lawn care and fertilizer choices and 
demographics of survey participants. 
The survey should take about 20 minutes. Feel free to stop and return later to complete it. 
There are 25 questions in this survey 
Consent Form 
Thank you for your consideration in taking this survey. We appreciate your time and 
thoughts on this issue. This Participant Information/Consent Form tells you about the 
research project. Knowing what is involved will help you decide if you want to take part 
in this anonymous survey.  
You are being invited to participate in a research study about lawn care choices and the 
Lake Simcoe Watershed. This is a research project being conducted by researchers at the 
University of Ontario Institute of Technology (UOIT) and is funded in part by the 
Ministry of the Environment and Climate Change. 
You were selected as a possible participant in this study because you reside or spend time 
within the Lake Simcoe Watershed boundaries. 
A watershed is the area of land where all of the water that is under the land or drains off 
the land eventually flows into the same place – Lake Simcoe. Lake Simcoe is a source of 
safe drinking water for seven municipalities and is a place for recreation and tourism. 
Lake Simcoe Watershed consists of 20 municipal borders and includes areas such as 
Orillia, Barrie, King, Bradford, West Gwillimbury, East Gwillimbury, Uxbridge, 
Georgina, Brechin, Ramara and City of Kawartha Lakes. 
There are no known risks if you decide to participate in this research study. There are no 
costs to you for participating in the study. The information you provide will help gauge 
environmental attitudes and fertilizer use and practices by landowners and residents in the 
Lake Simcoe Watershed. 
The questionnaire will take about 15 to 20 minutes to complete. The information 
collected may not benefit you directly, but the information learned in this study should 
provide more general benefits to understanding attitudes towards the environment and 
decisions for lawn care. 
This survey is anonymous. Your responses will be confidential and we do not collect 




able to identify you or your answers, and no one will know whether or not you 
participated in the study. Should the data be published, no individual information will be 
disclosed. 
Your participation in this study is voluntary. By clicking ‘next’ and submitting your 
answers at the end of the questionnaire, you are voluntarily agreeing to participate. You 
are free to decline to answer any particular question you do not wish to answer for any 
reason – simply select ‘no answer’ or click ‘next’ at the end of a question. You may 
withdrawal and exit the survey at any time. If you withdrawal from participating at any 
time, there is no penalty to do this. 
If you have any questions about the research study, please contact 
sarah.mackay@uoit.net. This research has been reviewed according to UOIT REB 
procedures for research involving human subjects. 
ELECTRONIC CONSENT 
Clicking the ‘next’ button below indicates that: 
• you have read the above information 
• you voluntarily agree to participate 
• you are at least 18 years of age 
If you do not wish to consent to do the survey given this information, please click on ‘exit 
the survey’ and you will be directed out of the survey. 
Again, we thank you for your time and we hope to learn more about your thoughts on the 
use of fertilizers in the Lake Simcoe Watershed Area.  
General Environmental Attitudes 
1. First, we would like to know a little bit about your attitudes towards the environment. 
Please answer the questions below.  
Please select a level of agreement for each of the statements below, where: 
1 = Strongly Agree, 2 = Agree, 3 = Neutral, 4 = Disagree, 5 = Strongly Disagree  
Please choose the appropriate response for each item: 
  1     2     3     4     5 
No 
Answer 
One of the best things about recycling is that it saves 
money       
Nature is important because of what it can contribute to 




  1     2     3     4     5 
No 
Answer 
One of the most important reasons to keep lakes and rivers 
clean is so that people have a place to enjoy water sports       
The worst thing about the loss of the rain forest is that it 
will restrict the development of new medicines       
The thing that concerns me most about deforestation is 
that there will not be enough lumber for future generations       
Grass and weeds growing between pavement stones really 
looks untidy       
I’d much prefer a garden that is well groomed and ordered 
to a wild and natural one       
When nature is uncomfortable and inconvenient for 
humans we have every right to change and remake it to 
suit ourselves 
      
The idea that natural areas should be maintained exactly 
as they are is silly, wasteful, and wrong       
Turning unused land over to cultivation and agricultural 
development is positive and should be supported       
Nature is valuable for its own sake 
      
It makes me sad to see natural environments destroyed 
      
One of the worst things about overpopulation is that many 
natural areas are getting destroyed       
It makes me sad to see forests cleared for agriculture 
      
Despite our special abilities humans are still subject to the 
laws of nature       
About Your Lawn Care and Fertilizer Choices 
This section asks you specific questions about lawns and lawn-care and fertilizer choices.  
The next set of questions asks you about your lawn care and fertilizer choices. 
2. Do you have a lawn?  
Please choose only one of the following: 
Yes  
My apartment/condominium has a lawn  
No 
 No Answer 




Please choose only one of the following: 
You or someone that lives in the same residence as you takes care of the lawn  
The landlord and/or or building owner (such as, apartment/condominium building 
operator)  
A lawn care company hired by the owner of the building you live in  
Another individual in the community (such as, immediate neighbour, a relative 
living elsewhere, someone you pay to take care of the lawn, etc...)  
Other  
No Answer 
4. Is your lawn regularly fertilized (either by you or someone else)?  




5. When does your household (you or the person who cares for your lawn) fertilize your 
lawn?  
Please choose the appropriate response for each item: 







      
Summer 
      
Fall 
      
Winter 
      
6. Now, thinking about the lawn associated with your residence, on average, about how 
often do you think it gets watered (excluding rain days) from some form of water from a 
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7. Which, if any, of the following practices does your household (either you, or the 
person who cares for your lawn) normally follow when your lawn is fertilized?  
Please choose all that apply: 
Maintain a non-fertilized area near driveways and sidewalks  
Sweep up fertilizer from driveways and sidewalks  
Never over apply fertilizer  
Do not apply fertilizer when soil is saturated with water for at least 24 hours after 
rain  
None of the above  
Don't know  
Not applicable: we do not fertilize own lawn  
Not applicable: we do not have a lawn  
 Other practice not listed above 
 No Answer  
8. Do any of your immediate neighbours usually fertilize any part of their lawn?  
Please choose only one of the following: 
Yes  
No  
I don't know  
No Answer  
9. What type of fertilizer does your household typically use if and when you fertilize your 
lawn? Please check all that apply.  
Please choose all that apply: 
Synthetic lawn fertilizer  
Synthetic garden fertilizer  
Natural organic fertilizer  
Phosphorus-free fertilizer  
Quick-release fertilizer  
Slow-release fertilizer  
Don't know  





 No Answer 
10a. On fertilizer bags, there are three numbers that tell you about what is in the bag. If 
you fertilize your lawn, do you know the three numbers that are on your bag of fertilizer? 
For example on a bag of fertilizer you may see 1 - 2 - 1.  
Please choose only one of the following: 
Yes  
No  
Not applicable: the lawn where I reside is not fertilized  
Not applicable: I do not have a lawn  
No answer  
10b. If you answered 'yes', to the previous question, please provide the three numbers (or 
your best guess) that appear on the fertilizer bag(s) your household uses. 
For example, if on the bag of fertilizer, you see 1 - 3 - 2, then you would type the 
numbers as follows: Nitrogen (N) = 1, Phosphorus (P) = 3, Potassium (K) = 2. 
Only numbers may be entered in these fields. 
• Nitrogen (N) : _______  
• Phosphorus (P) : ________ 
• Potassium (K) : ________ 
11. Do you think the neighbours on your street are in favour of, or positively value, a 
neighbourhood with well-maintained lawns?  
Please choose only one of the following: 
Yes  
 No 
 No Answer 
 
12. While you think about maintaining your lawn, select the most appropriate level of 
agreement for each statement below. 
1 = Strongly Agree, 2 = Agree, 3 = Neutral, 4 = Disagree, 5 = Strongly Disagree  




  1     2     3     4     5 
No 
Answer 
I plan to fertilize my lawn in 2016 
      
My neighbours think I should fertilize my lawn in 2016 
      
It will be possible to fertilize my lawn in 2016 
      
It will be difficult to fertilize my lawn in 2016 
      
It will be feasible to fertilize my lawn in 2016 
      
Fertilizing my lawn in 2016 will result in an attractive 
lawn       
Fertilizing my lawn in 2016 could result in water 
pollution       
Fertilizing my lawn in 2016 will produce a greener lawn 
      
Having an attractive lawn is very good 
      
13. Households maintain lawns for many reasons. How important are the following 
reasons for you? 
Please rank the following options from most important to least important.  
All your answers must be different. 
 
Please number each box in order of preference from 1 to 6 
 As a place for children and//or pets to play  
 As a place to relax and enjoy being outside  
 As an essential part of an attractive property  
 As an activity I enjoy  
 As part of being a good neighbor  
 As vegetative cover to prevent soil erosion  
14. Thinking about how water flows around the place where you live in the Lake Simcoe 
Watershed Area and where it ultimately may end up, where does the water from your 
street’s storm drains go?  
Please choose only one of the following: 
To a water treatment facility  
To my nearby lake, stream or river  
I don't know  
 Other  
No answer 
15. What concerns, if any, do you have about the water bodies close to your home in the 




1 = Very Concerned, 2 = Concerned, 3 = Neutral, 4 = Slightly Concerned, 5 = 
Unconcerned  
Please choose the appropriate response for each item: 
  1     2     3     4     5 
No 
Answer 
Excess nutrients (i.e. water has green color and bad 
smell)       
Health of fish and other aquatic life 
      
Safety for swimming 
      
Safety for fishing 
      
Water levels 
      
Any other reasons not listed 
      
Tell us About Yourself!  
The next eight questions are being asked so we can develop a community picture of the 
Lake Simcoe Watershed Area and a broad understanding of features of the respondents in 
this survey. Please answer the following questions. 
16. Do you own any pets that use the lawn associated with your home in the Lake Simcoe 
Watershed Area?  
Please choose only one of the following: 
Yes  
 No  
 No answer 
17. Do children use the lawn associated with your home in the Lake Simcoe Watershed 
Area?  
Please choose only one of the following: 
Yes  
 No  
 No answer 
18. We would like to determine if lawn care choices change depending on where people 
live in the Lake Simcoe Watershed. 
The best way to get an accurate community picture is to provide the first three digits of 
your postal code. In this way, we hope to ensure your anonymity as these digits refer to 




However, if you are uncomfortable with providing the first three postal code digits, 
please indicate if you live close to (within 3 kilometers) Lake Simcoe or further away 
(greater than 3 kilometers) from Lake Simcoe.  
Please write your answer(s) here: 
• First Three Digits of Postal Code  
• I live close to Lake Simcoe (within 3 kilometers of shore) - type Y for Yes, or N 
for No  
19. How long have you lived in or owned your home in the Lake Simcoe Watershed Area 
as measured in years?  
Only numbers may be entered in this field. 
 
Please write your answer here:_____ 
20. In which age range do you fall? 
 Please choose only one (1) of the following:  
0 to 17 years of age  
18 to 24 years of age  
25 to 34 years of age  
35 to 44 years of age  
45 to 55 years of age  
56 to 64 years of age  
65 years of age or older  
No answer  
21. What is the highest level of schooling, from the list below, that you have successfully 
completed? 
Please choose only one (1) of the following:  
No schooling  
Some primary school  
Some high school or secondary education  
High School Diploma or Equivalent  
Trade/Vocational Certificate (including apprenticeships)  
College Diploma or Certificate (including technical institutes)  
Bachelor’s Degree  
Professional Degree (e.g. law, dental, medical, veterinary medicine, optometry, 
etc...)  





I don't know  
 Other  
 No answer 
22. How much would you estimate your usual household income per year? Household 
income refers to all sources of income that are earned by you and the members of your 
home. 
Please choose only one (1) of the following:  
Less than $15,000  
$15,000 to $29,999  
$30,000 to $44,999  
$45,000 to $59,999  
$60,000 to $74,999  
$75,000 to $99,999  
$100,000 to $114,999  
$115,000 to $129,999  
Greater than $130,000  
I don't know  
 No answer  
23. What gender are you?  




No Answer  
Other   
24. Finally, we have asked a lot of questions here about lawn care and fertilizer use. 
Do you have any additional comments about your answers, this survey (Did we miss 
something? Is there something you liked?), or anything else you would like us to know or 
want to add? 
Any additional information you would like to add would be very helpful.  
Please write your answer here: ___________________ 
You have successfully completed the Fertilizer and Lake Simcoe Watershed Community 
Survey! 




If you are interested in following our study and knowing the results of this survey, please 
follow the link to our blog (be sure to bookmark the link so you can return to the blog at 
any time):  
(INSERT LINK HERE)  
If you would like an e-copy of our final report, but do not want to follow our blog, please 
feel free to call the researchers of this study at sarah.mackay@uoit.net 
  The researchers would like to add that portions of this server were adapted from: 
Martini, N. F., Nelson, K.C., Hobbie, S.E. and Baker, L.A. 2015. Why "feed the 
lawn"? Exploring the influences on residential turf grass fertilization in the 
Minneapolis-Saint Paul Metropolitan Area. Environment and Behavior 47(2): 
158-183. 
Milfont, T. L. and. Duckitt., J. 2010. The environmental attitudes inventory: A 
valid and reliable measure to assess the structure of environmental attitudes. 
Journal of Environmental Psychology 30: 80-94. 
Statistics Canada. 2015. Surveys and Questionnaires. 
http://www.statcan.gc.ca/start-debut-eng.html 
Submit your survey. 

















Appendix A.2 Methodology (Chapter 2) 
Table A2.1. Variable descriptions/coding of the Environmental Assessment Index scales used in analyses 
for the Lake Simcoe Watershed Study community survey. These scales were based on Milfont and Duckitt 
(2010) where item responses were based on 5-point Likert scale. For items 11 to 15 in scale 3, items were 
reverse coded for analyses, indicated by square brackets, to align with the direction of the other scale items. 
No answer was default until an option was selected. Variables considered missing in analysis if R did not 
provide an answer, selected No Answer or Don’t Know.  
Scale Item Number and Statement 
Conservation motivated by 
anthropogenic concern, 
human welfare and 
gratification VERSUS nature 
and the environment having 
value in their own right 
1. One of the best things about recycling is that it saves money 
2. Nature is important because of what it can contribute to the pleasure and 
welfare of humans 
3. One of the most important reasons to keep lakes and rivers clean is so that 
people have a place to enjoy water sports 
4. The worst thing about the loss of the rain forest is that it will restrict the 
development of new medicines 
5. The thing that concerns me most about deforestation is that there will not 
be enough lumber for future generations 
Altering nature for human 
right VERSUS nature 
preservation.  
6. Grass and weeds growing between pavement stones really looks untidy 
7. I’d much prefer a garden that is well groomed and ordered to a wild and 
natural one 
8. When nature is uncomfortable and inconvenient for humans we have every 
right to change and remake it to suit ourselves 
9. The idea that natural areas should be maintained exactly as they are is silly, 
wasteful, and wrong 
10. Turning unused land over to cultivation and agricultural development is 
positive and should be supported 
[Ecocentric concern, where 
concern is present over 
environmental damage 
VERSUS there is an absence] 
of concern over 
environmental damage 
11. [Nature is valuable for its own sake] 
12. [It makes me sad to see natural environments destroyed] 
13. [One of the worst things about overpopulation is that many natural areas 
are getting destroyed] 
14. [It makes me sad to see forests cleared for agriculture] 


























Table A2.2. Outcome and Predictor Variable descriptions/coding of the second section the Lake Simcoe 
Watershed Study community survey, based on Martini et al (2015). ‘R’ = respondent. EAI = Environmental 
Assessment Index Scale, see Appendix B Table 1. BMPs = Best Management Practices. Variables considered 
missing in analysis if R did not provide an answer, selected No Answer or Don’t Know (except for Stormwater 
Management).  
Variable Item description/coding 
Outcome variables 
   Sum EAI scale 1 
   Sum EAI scale 2 
   Sum EAI scale 3 
 
   Lawn is regularly fertilized 
 
   Seasonal frequency of fertilizing lawn 
 
 
Sum of 5-point Likert scale, coded 4 if Strongly Agree, 20 if Strongly Disagree 
Sum of 5-point Likert scale, coded 3 if Strongly Agree, 15 if Strongly Disagree 
Sum of 5-point Likert scale, coded 5 if Strongly Agree, 25 if Strongly Disagree 
 
Coded 1 if Yes, 0 if No 
 
Spring, Summer, Fall summed to obtain ordinal variable with 0 (0-2 sum) if 
low, 1 (3-4 sum) if moderate and 2 (5-6 sum) if high fertilizer frequency 
Cognitive Components 
   Where does storm water go?  
 
   Immediate neighbors fertilize lawn 
 
   Neighbors value nice lawns 
 
   My neighbors think I should fertilize     
   my lawn this year 
 
   I plan to fertilize my lawn this year 
 
   It will be easy for me to fertilize my  
   lawn this year 
 
   It is likely that I will fertilize my lawn  
   this year 
 
   Ease of Fertilizing lawn in 2016 
 
 
   Fertilizing could = attractive lawn 
 
   Fertilizing could = water pollution 
 
   Fertilizing could = greener lawn 
 
   Attractive lawn is very good 
 
   BMPs and fertilization 
 
 
Coded 1 if Nearby Water, 2 if Water Treatment Facility, 3 if Don’t Know 
 
Coded 0 if No, 1 if Yes 
 
Coded 0 if No, 1 if Yes 
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
 
Sum of scales PlanToFertilize, EasyToFertilize and LikelyToFertilize, where 3 = 
Strongly agree it is easy to fertilize in 2016 to 15 = Strongly disagree  
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
5-point ordinal scale where 1 = Strongly Agree to 5 = Strongly Disagree 
 
1 point given for each BMP selected and if an appropriate and applicable 
BMP was provided in the associated open-ended question for a value of 0 if 
none of the above BMPs was selected to 4 if all four BMPs were selected. 
Affective Components 
   Environmental concerns related to   




“What concerns, if any, do you have about the water bodies close to your 
home in the Lake Simcoe Watershed Area?” 7 items were used on a 5-point 
ordinal scale where 1 = Very Concerned to 5 = Not Concerned; (1) excess 








   Pets 
 
   Children 
water levels (6) water for future generations, and (7) source of drinking 
water.  
• Computed into new sum score for R that answered all 7 statements 
where Closer to 7 = very concerned and Closer to 35 = not concerned 
 
Coded 1 if R says pets use the lawn, 0 if they don’t 
 
Coded 1 if R says children use the lawn 
Socioeconomic Variables 
   Age 
 
 
   Education 
 
 




   Gender 
 
   Rural or City postal code 
 
   Length of residence in home (years) 
 
Coded 1 = 18-24 years, 2 = 25-34 years, 3 = 35-44 years, 4 = 45-55 years, 5 = 
56-64 years, 6 = 65 years and older 
 
Coded 1 = High School and Equivalent, 2 = Trades and College, 3 = Bachelor 
Degree, 4 = Professional and Postgraduate 
 
Coded 1 = < $29999, 2 = $30000-$44999, 3 = $45000-$59999, 4 = $60000-
$74999, 5 = $75000-$99999, 6 = $100000-$114999, 7 = $115000-$129999, 8 
= $130000 and greater 
 
Coded 1 = Female, 2 = Male 
 
Coded 1 = City, 2 = Rural 
 
Coded 1 = 0-5 years, 2 = 6-10 years, 3 = 11-15 years, 4 = 16-20 years, 5 = 21-




























Appendix A.3 Results (Chapter 2) 
 
Table A3.1. Mann-Whitney U-Test results for the environmental assessment scale – altering nature for 
human right – grouped by males and females (U = 14,402.000, N = 384, p = 0.01). Two statements were 
removed from analyses due to results from the factor analysis, two statements were not significantly 
different. One statement was significantly different between males and females. M = males, F = female, 
Ntotal = the total number of respondents that selected an answer. 
 
Table A3.2. Mann-Whitney U-Test results for the environmental assessment scale – absence of concern 
over environmental damage – grouped by males and females (U = 13,596.500; N = 379; p = 0.002). *Note 
that the statements presented to the respondents were reverse coded to decrease the likelihood of response 
bias. Four of the five statements presented to respondents were significantly different between the sexes. M 
= males, F = female, Ntotal = the total number of respondents that selected an answer. 
Statement* U-test Results Conclusion 
[I do not believe nature is valuable for its own sake] U = 15,831 
N
total
 = 398, p = 0.008 
M = tended to disagree 
F = tended to strongly 
disagree 
[It does not make me sad to see natural environments 
destroyed] 
U = 15,013 
N
total
 = 398, p = 0.001 
M = tended to disagree 
F = tended to strongly 
disagree 
[One of the best things about overpopulation is that 
many natural areas are getting destroyed] 
U = 14,475.5 
N
total
 = 395, p = 0.000 
M = tended to disagree 
F = tended to strongly 
disagree 
[I do not get upset at the idea of forests being cleared 
for agriculture] 
U = 14,630.5 
N
total
 = 394, p = 0.002 
M = tended to neutral 
F = tended to disagree 
[Humans are not subject to the laws of nature]  




Statement U-test Results Conclusion 
Grass and weeds growing between pavement stones 
really looks untidy No difference 
Both tended to disagree 
I’d much prefer a garden that is well groomed and 
ordered to a wild and natural one 
U = 14,759 
N
total
 = 393,  
p = 0.004 
 
M = tended to neutral 
F = tended to disagree 
When nature is uncomfortable and inconvenient for 
humans we have every right to change and remake it 
to suite ourselves 
 
Removed – Factor 
Analysis 
 
The idea that natural areas should be maintained 
exactly as they are is silly, wasteful, and wrong 
Removed – Factor 
Analysis 
 
Turning unused land over to cultivation and 








Appendix B.1 Methodology (Chapter 3) 
 
Table B1.1. Physicochemical parameters that were measured at each site visit are listed with their N 
(number of replicates per site visit) and the rationale for measuring them. 
Parameter N Rationale 
Canopy Cover (%) 1 Estimate amount of light available to periphyton. 
Periphyton respond best in ideal light, where too much 
shade and too much light can decrease biomass and 
quality. Light loggers were also used to assess if Canopy 
Cover was an adequate measure of light availability 
Light Logger (lux) 1 
Discharge (m3/s) 3 Estimate amount of potential dilution of nutrients and 
other parameters which can impact periphyton 
response. If discharge is too great, nutrients can be 
washed away and not useable by periphyton. 
Furthermore, more discharge could indicate more 
nutrient loading from the drainage area at the site which 
could positively effect a periphyton response. 
Nitrogen species (mg/L) 1 Estimate water quality, impact on periphyton response. 
Periphyton growth responds positively with additional 
nutrients (Lewis et al., 2011) and/or cause a shift in 
community composition (Greenwood and Rosemond, 
2005). 
Phosphorus and Dissolved 
Phosphorus (µg/L) 
1 
Temperature (oC) 2 Estimate water quality, potential impact on periphyton 
response 
pH 1 Estimate water quality, impact on periphyton response 
Dissolved Oxygen (mg/L) 1 Estimate water quality 
Conductivity (µS/cm2) 1 Estimate amount of salt, proxy for urbanization and 
water quality 
Chloride (mg/L) 3 Proxy for urbanization and water quality, impact on 
periphyton response 
Total Suspended Solids 
(mg/L) 
3 Estimate amount of light available to periphyton 
Turbidity 3 Estimate amount of light available to periphyton 
 
Table B1.2. The percent of samples above detectable limits from all seasons during the 2016 sample years 
for each nitrogen species. Detection limits are show in brackets. 
Nitrogen Species Percent Number of sites 
Nitrite (0.03 mg/L) 12.5  5 of 40 
Nitrate (0.06 mg/L) 97.5  39 of 40 
ammonia+ammonium (0.1 mg/L) 20  8 of 40 





Appendix B.2 Results (Chapter 3) 
 
Figure B2.1. Daily cumulative light intensity (lux) during spring sampling for the five sites (WHI, HAW, 
USC, UXB and WES) where light loggers were deployed.  Daily cumulative light intensity was calculated 
based on removing nightly logs and adding all light intensity values recorded every 5 minutes during 
daylight. Day 1 and Day 22 were logger deployment and collection days respectively, so are not a full 
daylight measurement. WHI and HAW are reference sites. USC is an agriculture site. UXB and WES are 
urban sites. 
 
Figure B2.2. Daily cumulative light intensity (lux) during summer sampling for the five sites (WHI, HAW, 
USC, UXB and WES) where light loggers were deployed.  Daily cumulative light intensity was calculated 
based on removing nightly logs and adding all light intensity values recorded every 5 minutes during 
daylight. Day 1 and Day 22 were logger deployment and collection days respectively, so are not a full 







Figure B2.3. Daily cumulative light intensity (lux) during summer sampling for the five sites (WHI, HAW, 
USC, UXB and WES) where light loggers were deployed.  Daily cumulative light intensity was calculated 
based on removing nightly logs and adding all light intensity values recorded every 5 minutes during 
daylight. Day 1 and Day 22 were logger deployment and collection days respectively, so are not a full 
daylight measurement. WHI and HAW are reference sites. USC is an agriculture site. UXB and WES are 
urban sites. HAW and USC loggers were not found on the 22nd day of logger deployment. 
 
Figure B2.4. Coefficient of variation of light intensity (lux) during spring sampling for the five sites (WHI, 
HAW, USC, UXB and WES) where light loggers were deployed.  Coefficient of variation was calculated 
using ((standard deviation/average)*100) for each daylight intensity measurement. Day 1 and Day 22 were 
logger deployment and collection days respectively, so are not a full daylight measurement. WHI and 
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Figure B2.5. Coefficient of variation of light intensity (lux) during summer sampling for the five sites 
(WHI, HAW, USC, UXB and WES) where light loggers were deployed.  Coefficient of variation was 
calculated using ((standard deviation/average)*100) for each daylight intensity measurement. Day 1 and 
Day 22 were logger deployment and collection days respectively, so are not a full daylight measurement. 
WHI and HAW are reference sites. USC is an agriculture site. UXB and WES are urban sites. 
 
Figure B2.6. Coefficient of variation of light intensity (lux) during fall sampling for the five sites (WHI, 
HAW, USC, UXB and WES) where light loggers were deployed.  Coefficient of variation was calculated 
using ((standard deviation/average)*100) for each daylight intensity measurement. Day 1 and Day 22 were 
logger deployment and collection days respectively, so are not a full daylight measurement. WHI and 
HAW are reference sites. USC is an agriculture site. UXB and WES are urban sites. HAW and USC 






Figure B2.7. Boxplot (top) showing Chloride (mg/L) across the three land-use groups, for 2016, at time of 
artificial substrate deployment. Combine plot showing raw data (grey) with mean and standard deviation 
(black) of log(x+1) transformed Chloride in each land-use (bottom) category. Difference between * shows 
significant difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are 








Figure B2.8. Boxplot (top) showing Canopy cover (% cover) across the three land-use groups, for 2016, at 
time of artificial substrate deployment. Combine plot showing raw data (grey) with mean and standard 
deviation (black) of log(x+1) transformed Canopy cover in each land-use (bottom) category. Difference 
between * shows significant difference between pairwise comparisons as calculated by Tukey HSD with p 







Table B2.1. Significant (p ≤ 0.05) Pearson correlations performed between log (x + 1) predictor and 
response variables for reference sites, irrespective of season. Predictor variables included canopy cover, 
temperature, pH, dissolved oxygen (DO), discharge, total suspended solids (TSS), chloride (Cl), nitrate and 
total phosphorus (TP). Responses variables included chlorophyll a, dry weight, ash free dry weight and 
total biomass calculated based on cell volumes. 
Reference Sites DW AFDW 
pH - -0.75* 
TP -  0.86* 
Cl -0.73* - 
 
Table B2.2. Significant (p ≤ 0.05) Pearson correlations performed between log (x + 1) predictor and 
response variables for agriculture sites, irrespective of season. Predictor variables included canopy cover, 
temperature, pH, dissolved oxygen (DO), discharge, total suspended solids (TSS), chloride (Cl), nitrate and 
total phosphorus (TP). Responses variables included chlorophyll a, dry weight, ash free dry weight and 
total biomass calculated based on cell volumes. 
Agriculture Sites DW AFDW Chla Total Biomass 
Temperature 0.56* 0.56* - - 
TP 0.70* - - - 
pH - 0.53* - - 
Cl - - 0.55* - 
 
Table B2.3. Significant (p ≤ 0.05) Pearson correlations performed between log (x + 1) predictor and 
response variables for urban sites, irrespective of season. Predictor variables included canopy cover, 
temperature, pH, dissolved oxygen (DO), discharge, total suspended solids (TSS), chloride (Cl), nitrate and 
total phosphorus (TP). Responses variables included chlorophyll a, dry weight, ash free dry weight and 
total biomass calculated based on cell volumes. 
Urban Sites Chla Total Biomass 
DO 0.49*  
pH  0.49* 







Table B2.4. Significant (p ≤ 0.05) Pearson correlations performed between log (x + 1) predictor and 
response variables for summer sampling, irrespective of land-use. Predictor variables included canopy 
cover, temperature, pH, dissolved oxygen (DO), discharge, total suspended solids (TSS), chloride (Cl), 
nitrate and total phosphorus (TP). Responses variables included chlorophyll a, dry weight, ash free dry 
weight and total biomass calculated based on cell volumes. 
Summer Sampling Chla Total Biomass 
pH 0.55*  
TP  -0.53* 
 
Table B2.5. The dominant periphyton group, by percent of biomass as calculated by cell volume, in each 
season for each site. 
Site Code Spring Summer Fall 
WHI Diatom Diatom Diatom 
BLU Diatom Diatom Diatom 
HAW Diatom Cyanobacteria Diatom 
MTA Diatom Diatom Diatom 
KET Diatom Diatom Cyanobacteria 
USC Cyanobacteria Diatom Cyanobacteria 
MAS Diatom Diatom - 
HEW Diatom Diatom Diatom 
LOV - Diatom Diatom 
UXB Diatom Diatom Cyanobacteria 
KID Diatom Cyanobacteria Cyanobacteria 
WES Diatom Cyanobacteria Diatom 
HOT Cyanobacteria Cyanobacteria Cyanobacteria 















Appendix B.3 Discussion (Chapter 3) 
 
Figure B3.1. Scatterplot showing log(x+1) average chloride with log(x+1) chlorophyll a with a smoothed 
line to show the non-linear relationship between these two parameters. Although the Pearson correlation 
was not significant, this plot shows an overall trend of a slight decrease in average chlorophyll a at higher 
chloride concentrations. 
 
Table B3.1. Equivalent Diatom genera of the species identified in Hintz and Reylea (2019) that showed a 
reduction in the presence of high sodium chloride concentrations. Chloride ranges at time of artificial 
substrate collection for the Lake Simcoe tributary study are shown. The referenced species are shown to 













Diatoma sp. WHI, spring, reference 
HEW, summer, agriculture 




37 – 38 
130  
840 – 850  
Encyonema 
caespitosum 
Encyonema sp. KET, spring, agriculture 
UXB, spring, urban 
WHI, summer, reference 
USC, summer, agriculture 
HEW, summer, agriculture 







49 – 50  
49 – 51 
31 – 32  





Pinnularia sp. BLU, spring, reference 









Table B3.2. Table showing the associations between periphyton groups and environmental variables as 
identified by the RDA triplots (see Figures 26-29). Note: Charo = Charophytes, Chloro = Chlorophytes, 
Eugleno = Euglenophytes, Cyano = Cyanobacteria, Nano = Nanoflagellates, DO = Dissolved Oxygen, TSS 
= Total Suspended Solids, Dis = Discharge, Cl = Chloride, TP = Total Phosphorus, Temp = Temperature, 
Canopy = Canopy cover, -ve = negative association with that environmental variable, ~ = slight or 
potentially associated with that environmental variable. 
RDA Charo Chloro Eugleno Cyano Diatom Nano 











-ve TP -ve DO 






  -ve Cl 
-ve Temp 
~ -ve TP 




























Appendix C.1 – Methodology (Chapter 4) 
Table C1.1. The percent of samples above detectable limits from all seasons during the 2017 sample year 
for each nitrogen species. Detection limits are show in brackets. 
Nitrogen Species Percent Number of sites 
Nitrite (0.003 mg/L) 71.4 30 of 42 
Nitrate (0.06 mg/L) 100  42 of 42 
ammonia+ammonium (0.04 mg/L) 47.6 20 of 42 
total kjeldahl nitrogen (0.05 mg/L) 90.5 38 of 42 
 
Table C1.2. Natural substrate success for each field site during 2017 sampling. A maximum of five 
replicates were selected during each season at each site. A successful sampled replicate is shown with a 
filled green square while an unsuccessful replicate (i.e. natural substrate not found at the site) is shown with 













Table C1.3. The six major functional feeding groups (shredders, collectors, scrapers, macrophyte piercers, 
predators and parasites) are listed along with which of the invertebrate groups, identified in the 2017 
sampling effort, are likely to belong to a specific feeding group. For the purpose of this study, Herbivore, is 
defined as shredders, collectors, scrapers and/or macrophyte piercers because they are most likely to 
consume periphyton or living plant tissue in their diet. Predator, is defined as, predators and parasites 
because they are most likely to feed on tissue and fluids of animals. Two groups were not included in the 
analyses associated with this table, Unknown Diptera and Millipedes, because a functional feeding group 
could not be determined and individuals were more likely terrestrial, respectively. 
 Herbivore Predator 
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Ephemeroptera + + 
   
Plecoptera + 
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Trichoptera + + + 
   







   
Chironomidae + + 












     
Tabanidae 
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Coleoptera + + 
   
Hemiptera 






   
Megaloptera 




    
Nematoda 













   
Collembola + 
    
Copepoda + 




   
Ostracoda + 
























APPENDIX C.2 – Results (Chapter 4) 
 
 
Figure C2.1. Boxplots (top) showing Canopy cover (% cover) across the nine groups – land-use and 
season, for 2017. Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) 
of log(x+1) transformed Canopy cover in each land-use category. Difference between * shows significant 
difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on 
significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = spring, M = 








Figure C2.2. Boxplots (top) showing pH across the nine groups – land-use and season, for 2017. Combine 
plot (bottom-left) showing raw data (grey) with mean and standard deviation (black) of log(x+1) 
transformed pH in each land-use category and combine plot (bottom-right) showing raw data (grey) with 
mean and standard deviation (black) of log(x+1) transformed pH in each season. Difference between * 
shows significant difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that 
are based on significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = 








Figure C2.3. Boxplots (top) showing Chloride (mg/L) across the nine groups – land-use and season, for 
2017. Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) of 
log(x+1) transformed Chloride in each land-use category. Difference between * shows significant 
difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on 
significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = spring, M = 









Figure C2.4. Boxplots (top) showing Nitrate (mg/L) across the nine groups – land-use and season, for 
2017. Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) of 
log(x+1) transformed Nitrate in each land-use category. Difference between * shows significant difference 
between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – 











Figure C2.5. Boxplots (top) showing Turbidity (absorbance at 750 nm) across the nine groups – land-use 
and season, for 2017. Combine plot (bottom) showing raw data (grey) with mean and standard deviation 
(black) of log(x+1) transformed Turbidity in each season. Difference between * shows significant 
difference between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on 
significant 2 – way ANOVAs. Note: R = reference, A = agriculture, U = urban sites and S = spring, M = 







Figure C2.6. Boxplots (top) showing Temperature (0Celcius) across the nine groups – land-use and season, 
for 2017. Combine plot (bottom) showing raw data (grey) with mean and standard deviation (black) of 
log(x+1) transformed Temperature in each season. Difference between * shows significant difference 
between pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – 







Figure C2.7. Boxplots (top) showing Chlorophyll a (µg/cm2) across the nine groups – land-use and season, 
for 2017. Barplot (bottom) showing Total Chlorophyll a (µg/cm2) for each site during each sampling 







Figure C2.8. Boxplots (top) showing Ash Free Dry Weight (mg/cm2) across the nine groups – land-use and 
season, for 2017. Barplot (bottom) showing Total Ash Free Dry Weight (mg/cm2) for each site during each 
sampling season. Note: R = reference, A = agriculture, U = urban sites and S = spring, M = summer, F = 







Figure C2.9. Scatterplot showing the relationship between Ammonia-ammonium and Chlorophyll a (black 
circles) and Chlorophyta Biomass (open orange circles), during the summer. Note the number of zeros, 
below detectable limits, for ammonia-ammonium. Significant negative Pearson correlations were found 
between Chlorophyll a (r = -0.66, p < 0.05), Chlorophyta biomass (r = -0.56, p < 0.05) and ammonia-
ammonium. All parameters were log(x+1) transformed prior to analyses and graphing. Colour coded 

















Figure C2.10. Scatterplot showing the relationship between Nitrite and Chlorophyll a (blue circles) and 
Diatom Biomass (orange circles), for summer sampling. Significant negative Pearson correlations were 
found between Chlorophyll a (r = -0.59, p < 0.05), Diatom biomass (r = -0.54, p < 0.05) and All parameters 











































Figure C2.11. Scatterplot showing the relationship between Discharge and Total Biomass (blue circles), 
Diatom Biomass (orange circles) and Chrysophyta Biomass (grey circles), for summer sampling. Note the 
number of zeros, not present, for Chrysophyta biomass. Significant positive Pearson correlations were 
found between the total biomass (r = 0.65, p < .05) and diatom biomass (r = 0.64, p < 0.05) and discharge. 
Significant negative Pearson correlations were found between chrysophyte biomass (r = -0.60, p < 0.05) 
and discharge. All parameters were log(x+1) transformed prior to analyses and graphing. Colour coded 










Figure C2.12. Scatterplot showing the relationship between Total Kjeldahl Nitrogen and Euglenophyta 
Biomass, for summer sampling. Significant positive Pearson correlation was found between these two 
parameters (r = 0.62, p < 0.05). All parameters were log(x+1) transformed prior to analyses and graphing. 
Colour coded trendlines are included to visual the relationships. 
 
 
Figure C2.13. Scatterplot showing the relationship between Canopy Cover and Chlorophyll a (blue), Ash 
Free Dry Weight (orange), Diatom Biomass (grey) and Chlorophyta Biomass (yellow), for fall sampling. 
Significant negative Pearson correlations were found between Chlorophyll a (r = -0.57, p < 0.05), ash free 
dry weight (r = -0.58, p < 0.05), Diatom biomass (r = -0.60, p < 0.05) and Chlorophyta biomass (r = -0.54, 
p < 0.05) and canopy cover. All parameters were log(x+1) transformed prior to analyses and graphing. 






Figure C2.14. Scatterplot showing the relationship between Total Phosphorus and Chlorophyll a, for fall 
sampling. Significant positive Pearson correlation was found between chlorophyll a and total phosphorus (r 
= 0.55, p < 0.05). All parameters were log(x+1) transformed prior to analyses and graphing. Colour coded 
























Figure C2.15. Boxplot (top) showing Periphyton C:P molar ratio across the nine groups – land-use and 
season, for 2017. Combine plot (middle) showing raw data (grey) with mean and standard deviation (black) 
of log(x+1) transformed C:P in each season. Difference between * shows significant difference between 
pairwise comparisons as calculated by Tukey HSD with p < 0.05 that are based on significant 2 – way 
ANOVAs. Scatterplot (bottom) with lines of best fit showing transformed Periphyton C:P ratio and 
Chlorophyll a by each land-use category. Note: R = reference, A = agriculture, U = urban sites and S = 






Figure C2.16. Scatterplot showing the relationship between Discharge and Periphyton Carbon (C; blue), 
Nitrogen (N; orange), Phosphorus (P; grey), Carbon: Phosphorus (molar ratio; yellow) and 
Nitrogen:Phosphorus (molar ratio; green) content for reference sites. Significant Pearson correlations were 
found between Periphyton C (r = -069, p < 0.05), Periphyton N (r = -0.71, p < 0.05), C:P (r = -0.77, p < 
0.05), N:P (r = -0.73, p < 0.05) and Discharge. Note, there was not a significant correlation between 
Periphyton P and Discharge, as indicated by ^. All parameters were log(x+1) transformed prior to analyses 












Figure C2.17 Scatterplot showing the relationship between Turbidity and Periphyton Phosphorus (P; blue), 
Carbon:Nitrogen (molar ratio; orange) and Nitrogen:Phosphorus (molar ratio; grey) content for reference 
sites. Significant Pearson correlations were found between Periphyton P (r = -0.71, p < 0.05), C:P (r = 0.83, 
p < 0.05), N:P (r = 0.80, p < 0.05) and Turbidity. All parameters were log(x+1) transformed prior to 
analyses and graphing. Colour coded trendlines are included to visual the relationships. 
 
 
Figure C2.18. Scatterplot showing the relationship between Total Kjeldahl Nitrogen and Periphyton 
Phosphorus (P; blue), Carbon:Nitrogen (molar ratio; orange) and Nitrogen:Phosphorus (molar ratio; grey) 
content for reference sites. Significant Pearson correlations were found between Periphyton P (r = -0.72, p 
< 0.05), C:P (r = 0.90, p < 0.05), N:P (r = 0.89, p < 0.05) and Total Kjeldahl Nitrogen. All parameters were 







Figure C2.19. Scatterplot showing the relationship between Turbidity and Periphyton Carbon (blue), 
Periphyton Nitrogen (orange), Periphyton Phosphorus (blue) and Carbon:Nitrogen (molar ratio; yellow) 
content for agriculture sites. Significant Pearson correlations were found between Periphyton C (r = -0.65, 
p < 0.05), Periphyton N (r = -0.54, p < 0.05), Periphyton P (r = -0.60, p < 0.05), C:N (r = -0.54, p < 0.05) 
and Turbidity All parameters were log(x+1) transformed prior to analyses and graphing. Colour coded 
trendlines are included to visual the relationships. 
 
 
Figure C2.20. Scatterplot showing the relationship between Total Kjeldahl Nitrogen and Periphyton 
Phosphorus (blue) and Carbon:Nitrogen (molar ratio; orange) content for agriculture sites. Significant 
Pearson correlations were found between Periphyton phosphorus (r = -0.60, p < 0.05), Carbon:Nitrogen (r 
= -0.67, p < 0.05) and Total Kjeldahl Nitrogen. All parameters were log(x+1) transformed prior to analyses 






Figure C2.21. Scatterplot showing the relationship between Nitrite and Carbon:Nitrogen (molar ratio) 
content for agriculture sites. Significant Pearson correlation was found between Carbon:Nitrogen (r = -0.54, 
p < 0.05) and nitrite. All parameters were log(x+1) transformed prior to analyses and graphing. Colour 

















Figure C2.22. Scatterplot showing the relationship between Turbidity and Carbon:Nitrogen (molar ratio) 
for periphyton content (top) and Nitrate and Periphyton Phosphorus content (bottom), for spring sampling. 
Significant Pearson correlations were found between Carbon:Nitrogen (r = -0.58, p < 0.058) and Turbidity 
and between Periphyton Phosphorus (r = 0.55, p < 0.05) and Nitrate. All parameters were log(x+1) 






Figure C2.23. Scatterplot showing the relationship between Total Dissolved Phosphorus and 
Nitrogen:Phosphorus (molar ratio) for periphyton content, for spring sampling. A significant negative 
Pearson correlation (r = -0.57, p < 0.05) was found between the parameters. All parameters were log(x+1) 























Figure C2.24. Scatterplot showing the relationship between Turbidity and Periphyton Phosphorus content 
(top) and Total Dissolved Phosphorus and Periphyton Carbon content (bottom), for summer sampling. 
Significant Pearson correlations were found between Periphyton Phosphorus (r = -0.62, p < 0.05) and 
Turbidity and between Periphyton Carbon (r = -0.55, p < 0.05) and Total Dissolved Phosphorus. All 
parameters were log(x+1) transformed prior to analyses and graphing. Colour coded trendlines are included 








Figure C2.25. Scatterplot showing the relationship between Total Kjeldahl Nitrogen and Carbon:Nitrogen 
(molar ratio) content (top) and Canopy Cover and Carbon:Phosphorus (molar ration) content (bottom), for 
fall sampling. Significant Pearson correlations were found between Carbon:Nitrogen (r = -0.65, p < 0.05) 
Total Kjeldahl Nitrogen and between Carbon:Phosphorus (r = -0.59, p < 0.05) and Canopy Cover. All 
parameters were log(x+1) transformed prior to analyses and graphing. Colour coded trendlines are included 





































Figure C2.29. Total number of herbivores in each season (spring, summer and fall) from each land-use 














Figure C2.30. Total number of herbivores by invertebrate identification from each land-use (reference; 
blue, agriculture; orange, urban; grey) during spring sampling.  
 
 
Figure C2.31. Total number of herbivores by invertebrate identification from each land-use (reference; 







Figure C2.32. Total number of herbivores by invertebrate identification from each land-use (reference; 















Figure C2.33. Combine plot (top) showing raw data (grey) with mean and standard deviation (black) of the 
proportion of Herbivores in each season for the complete dataset. Values were arcsin(√(x)) transformed 
prior to analysis. Difference between * shows significant difference between pairwise comparisons as 
calculated by Tukey HSD post-hoc test (p < 0.05), based on significant ANOVA test. Note: S = spring, M 





















Figure C2.34. Combine plot (top) showing raw data (grey) with mean and standard deviation (black) of the 
proportion of Herbivores in each season for the reference sites (top), agriculture sites (middle) and urban 
sites (bottom). Values were arcsin(√(x)) transformed prior to analysis. Difference between * shows 
significant difference between pairwise comparisons as calculated by Tukey HSD post-hoc test (p < 0.05), 
based on significant ANOVA test. No statistical differences were found between the seasons. Note: S = 






Figure C2.35. Combine plot (top) showing raw data (grey) with mean and standard deviation (black) of the 
total Herbivores in from each land-use for the fall dataset. Values were arcsin(√(x)) transformed prior to 
analysis. Difference between * shows significant difference between pairwise comparisons as calculated by 
Tukey HSD post-hoc test (p < 0.05), based on significant ANOVA test. Note: R = reference, A = 





















Figure C2.36. Boxplot (top) showing proportion Gastropoda across the nine sampling categories for the 
complete dataset. Combine plot (top) showing raw data (grey) with mean and standard deviation (black) of 
the arcsin(√(x)) transformed Gastropoda in each land-use. Difference between * shows significant 
difference between pairwise comparisons as calculated by Tukey HSD post-hoc test (p < 0.05), based on 
significant ANOVA test. Note: R = reference, A = agriculture, U = urban. 








Figure C2.37. Boxplot (top) showing proportion Gastropoda across the three land-use categories for the 
summer dataset. Combine plot (top) showing raw data (grey) with mean and standard deviation (black) of 
the arcsin(√(x)) transformed Gastropoda in each land-use. Difference between * shows significant 
difference between pairwise comparisons as calculated by Tukey HSD post-hoc test (p < 0.05), based on 






Figure C2.38. Relative abundance of each identified invertebrate predator for each site during spring 
sampling. 
 
























Figure C2.41. Total number of predators by invertebrate identification from each land-use (reference; blue, 




Figure C2.42. Total number of predators by invertebrate identification from each land-use (reference; blue, 






Figure C2.43. Total number of predators by invertebrate identification from each land-use (reference; blue, 
agriculture; orange, urban; grey) during summer sampling.  
 
 
Figure C2.44. Clustered bar plot showing the relative proportion of identified invertebrates for each site 
during spring sampling (June 2017). Groups that contained less than 0.13% were removed from the plot for 






Figure C2.45. Clustered bar plot showing the relative proportion of identified invertebrates for each site 
during summer sampling (August 2017). Groups that contained less than 0.13% were removed from the 









Figure C2.46. Clustered bar plot showing the relative proportion of identified invertebrates for each site 
during summer sampling (late-September/early-October 2017). Groups that contained less than 0.131% 











Figure C2.47. From 2017 data, boxplot (top) showing the proportion of Ostracoda across the three land-use 
groups for the Summer dataset (August). Combine plot (bottom) showing raw data (grey) with mean and 
standard deviation (black) of the proportion of Ostracoda in each land-use category. Difference between * 
shows significant difference between pairwise comparisons as calculated by Dunn post-hoc test with 
Bonferroni p-value correction (p < 0.05), based on significant Kruskal-Wallis test. Note: R = reference, A = 







Figure C2.48. From 2017 data, boxplot (top) showing the percent of Oligochaeta across the three land-use 
groups for the agriculture sites. Combine plot (bottom) showing raw data (grey) with mean and standard 
deviation (black) of the percent of Oligochaeta in each season. Difference between * shows significant 
difference between pairwise comparisons as calculated by Tukey HSD post-hoc test (p < 0.05), based on 








Table C2.1. Table showing the seven identified periphyton groups with associated identified genera, in 2017. 


























































































Table C2.2. The dominant periphyton group, by percent of biomass as calculated by cell volume, in each 
season for each site, in 2017. Note: ‘- -‘ represents sites that did not a periphyton group with at least 50% of 
the proportion of all the groups. 
Site Code Spring Summer Fall 
WHI Diatoms -- Diatoms 
BLU Diatoms Diatoms Diatoms 
HAW -- Diatoms Diatoms 
MTA -- -- Diatoms 
KET Diatoms Diatoms Diatoms 
USC Cyanobacteria Diatoms Diatoms 
MAS Diatoms -- Diatoms 
HEW Diatoms Diatoms Diatoms 
LOV Diatoms Diatoms Diatoms 
UXB Diatoms Chlorophytes Chlorophytes 
KID Diatoms -- -- 
WES Chlorophytes Diatoms Diatoms 
HOT Cyanobacteria -- Cyanobacteria 
BUN Diatoms Diatoms Diatoms 
 
 
Table C2.3. Table showing the relative percentage of each invertebrate group that was below 1% in each 
season, spring, summer and fall. This threshold was set to remove rare invertebrate taxa from proportional 
clustered bar plots for ease of visualization. 
 Spring Summer Fall 
Zygoptera 0.13% 0.35% 0.19% 
Culicidae  0% 0% 
Empididae 0.92% 0%  
Tipulidae 0.68% 0%  
Tabanidae 0%   
Unknown Diptera 0% 0.90% 0% 
Hemiptera 0.25%  0.75% 
Lepidoptera 0% 0.81% 0% 
Megaloptera 0.24%  0.91% 
Hirudinae 0.76% 0.39% 0.75% 
Collembola 0% 0% 0.19% 
Cladocera  0%  
Crayfish  0.97% 0% 







Table C2.4. Total number (from three replicates) of invertebrates by each site. Biomonitoring indices are 
provided, by percent of total, EPT (Ephemeroptera + Plecoptera + Trichoptera), Dominants, Diptera (all 
flies added together), Oligochaeta, Chironomidae and Amphipoda). 
Site Total 
by site 
EPT Amphipoda  Oligochaeta Chironomidae Diptera Dominants 
WHI 425 6.6 0.0  9.9 41.6 42.4 41.6 
BLU 1335 6.6 0.5  0.9 76.1 78.6 76.1 
HAW 693 27.4 0.0  8.7 47.9 48.9 47.9 
MTA 1028 13.4 4.5  10.9 36.4 38.7 38.5 
KET 4407 6.2 0.0  1.5 85.7 86.7 85.7 
USC 1462 0.0 1.2  12.2 61.4 62.1 61.4 
MAS 1716 1.5 7.5  3.1 24.4 25.6 30.5 
HEW 1615 15.6 0.0  18.3 51.6 54.6 51.6 
LOV 1981 19.5 0.0  7.0 62.8 66.0 62.8 
UXB 2281 12.6 7.5  1.0 53.6 63.4 53.6 
KID 686 0.9 0.0  57.4 31.3 31.8 74.5 
WES 2551 2.4 0.9  21.3 70.2 71.9 70.2 
HOT 684 0.6 0.3  12.3 31.3 32.5 36.3 
BUN 1877 0.1 1.1  8.8 82.0 82.8 82.0 
 
